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Abstract 
Recent variations in meteorological conditions indicate the earth’s climate is 
changing in ways that can impact delicate ecological balances in sensitive regions. These 
impacts threaten the essential services provided by such ecosystems. Determining how 
climate changes are affecting the biosphere is essential to adapt and mitigate harmful 
consequences. In order to mitigate the negative effects of climate change and adapt to 
shifting ecological resource constraints, it is imperative to locate such changes and 
determine vulnerability of ecological resources to changing environmental conditions. 
Identifying climate driven ecological changes faces numerous challenges given 
the reliance on vegetation indices as the primary measure of vegetative surface cover. It 
is essential that gaps in the understanding and reliability of these indices be addressed. In 
this research, the problem of determining climate driven ecological change is addressed 
using remote sensing techniques to find trends in an ecologically sensitive region over the 
last 30 years. Relation between climate and vegetation trends is studied and a 
methodology that does not rely upon a single measure for determining vegetative changes 
is developed. The comprehension of the scenario when both the red and near-infrared 
bands shift in the same direction is developed and related to compositional changes. The 
performance of vegetation indices and transforms is determined using survey data. The 
non-parametric Mann-Kendall (MK) trend test is used to establish the presence of trends. 
The research study is conducted in the alpine ecosystem. 
New insights into climate driven changes were gained using a novel study design 
that incorporated several vegetation indices, tasseled cap transforms and spectral mixture 
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analysis. Surface reflectance throughout the watershed has declined in all six Landsat 
bands over the last three decades. At the same time, temperatures have demonstrated a 
statistically significant rise. Vegetative composition changes throughout the study area 
were identified including widespread declines in needle leaf shrubs. Composition 
changes are related to red-shift translations as a result of variations in the vegetative 
structural density. An elevational relationship was found in sparsely vegetated areas with 
declining vegetation in the lower half of the watershed and vegetative increases in the 
upper half of the watershed 
Correlation of surface reflectance red-shift trends to actual changes in vegetative 
surface cover was tested against long-term field survey data. Red-shift stretch and 
downward translation demonstrated close agreement with predicted vegetation increases 
while red-shift compression and upward translation was not as effective a predictor of 
vegetative declines. Vegetation indices and tasseled cap brightness and greenness 
transforms performed remarkably well in predicting vegetation trends.  Moreover, a poor 
performance of the tasseled cap wetness index in predicting vegetation trends is revealed. 
An additional important finding of this research is the close correlation between the 
USGS CDR surface reflectance dataset and older dark object subtraction methods for 
calculating surface reflectance.  
It is essential to understand the impact of climate change on the environment in 
order to deal with potentially severe and rapid consequences brought about by reduced 
ecosystem productivity. This research provides a useful insight about ecological impacts 
of climate change using remote sensing.  
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Chapter 1: Introduction 
1.0 Background 
Understanding the effect that changing environmental parameters have on fragile 
ecosystems is essential to our ability to adapt to the potential reduction in ecosystem 
productivity. Alpine ecosystems are especially vulnerable since these regions exist at the 
boundaries of climate zones such as the higher and lower latitudes and at high elevations. 
Biomes that populate habitats in these zones are highly susceptible to changes in 
environmental conditions (Lindner et al., 2010). Thus, these areas are ideal laboratories to 
study the impact of changing climatic variables on local species assemblages. In 
particular, the steep elevation gradients in these regions could provide several ecotones 
within a small area for climate change impact analysis.   
Although several range-limited species will be negatively impacted by climate 
change, others will see new opportunities as their range limits expand upslope. Many low 
elevation species will be able to migrate into formerly hostile territory. However, this 
new migration can have a negative impact on existing populations. Since each species has 
its own unique life history trait, the dynamics of species interactions will determine what 
future ecosystem assemblages look like. 
This manuscript describes a study conducted to determine what impacts climate 
change has had on the ecosystem. Identifying the impacts that have already taken place 
provides solid evidence of risks to the biosphere from warming temperatures. The focus 
of this study is on what has already happened and how those impacts are determined, not 
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the forcing factors that are driving altered climatic conditions. This research is conducted 
in an alpine ecosystem.  
2.0 Literature Review 
Isolated alpine ecosystems are composed of complex interdependent assemblages 
that are vulnerable to climate change impacts such as introduction of new predator 
species and loss of critical assemblage components. Habitat density plays an essential 
role in determining the local response to climate change. Once the critical population for 
a specific resource falls below sustainment levels, a chain reaction can occur that 
fundamentally alters the composition and functioning of the local grouping. Altered 
environmental parameters such as warmer temperatures or reduced moisture availability 
can leave individual species in a weakened state, allowing for rapid infestation of 
predator or competitor species. While natural selection can lead to the development of 
tolerance traits that enhance the survivability of individual species, this process will most 
likely take much longer than the changes to the habitat which are driving species 
extinction (Walther, 2010). Recent literature suggests that the greatest rates of change 
will take place where local assemblages are complex and highly interdependent.  
Changing the environmental parameters of an ecosystem can induce migration, 
thus, altering species distribution patterns and range limits. Previous studies have 
examined the climate-induced shift in range limits of species habitat. Kelly and Goulden, 
(2008) found that the average elevation of the dominant plant species rose by about 65 
meters over a 30 year period in the Santa Rosa Mountains of Southern California. This 
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study area was similar to many in the southwestern United States with arid to semi-arid 
regions dominated by desert scrub in the lower reaches, transitioning to pinyon-juniper 
woodlands at higher elevations, followed by chaparral shrubland and conifer forest 
approaching the summit. 
This study found that instead of migration of new species into new territory, most 
of the observed changes were related to a shift in dominance within local assemblages 
(Kelly and Goulden, 2008). This is an important finding in that significant compositional 
changes were observed even though overall range limits were stable. Regional studies 
that focus on range shifts may miss important changes at the local community level. 
Climate change impacts can be determined from observations of altered surface 
characteristics and processes. Root et al., (2003) identify four characteristic responses to 
climate change including species density change with range shifts both upslope and in 
latitude, altered phenology including timing of flowering and migration patterns, 
morphological change such as species physical and behavioral traits, and altered genetic 
frequencies (Root et al., 2003). Since these changes alter the vegetative composition and 
quantity, they affect several other ecosystem components such as fauna and soil 
microbes. Thus, vegetative surface cover changes serve as an ideal surrogate for the 
ecosystem as a whole. These climate driven changes are expected to have their most 
pronounced and observable effects in areas experiencing the highest rate of temperature 
change (Root et al., 2003). Due to the changes in surface characteristics, remote sensing 
is a valuable tool to study climate change impacts. 
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Climate change impacts on vulnerable alpine ecosystems threaten the essential 
services these regions provide. Altered environmental parameters lead to shifts in species 
distribution and abundance that can transform the landscape in significant ways. These 
changes can be observed by analyzing trends in the spectral reflectance of earth’s surface. 
The determination of climate driven alteration of the surface cover is possible through the 
use of various vegetative indices, spectral unmixing techniques, and spectral band 
transforms. Analysis of the existing multi-decade data set of surface reflectance is 
urgently needed to find those changes that have already occurred as well as to elicit clues 
as to what the future holds for critical habitats and ecosystems. 
Measuring changes in surface characteristics brought about by changing 
environmental parameters is possible through the analysis of remote sensing imagery. 
The Landsat instruments have proven especially useful in determining vegetative change 
given their high reliability, orbital frequency, global coverage and over 40 year time span 
of continuous measurements. The Landsat instruments record surface reflectance in the 
visible, near infrared and short wave infrared spectral regions. Each of these spectral 
regions provides unique information that can be used to determine vegetative quantity 
and vigor. By examining multiple images over the same location through time, patterns in 
vegetation become apparent that can be attributed to climate driven change. 
The use of vegetation indices to elicit vegetation change has seen widespread 
application. Vegetation indices are designed to take advantage of the large difference in 
reflectance between the visible and near-infrared (NIR) bands. This difference produces a 
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characteristic spectral fingerprint for vegetation with low visible reflectance due to 
absorption by plant constituents such as chlorophyll and high reflectance from the NIR 
energy reflecting off the internal and surface structures of the plants. This difference is 
referred to as the red-edge or red-shift. In this study, the term red-shift is chosen for 
consistency. 
The mathematical relationship of ratio based vegetation indices are designed to 
clearly delineate changes over time when the visible and NIR bands are moving in 
opposite directions. However, if the visible and NIR bands are trending in the same 
direction, the index may not provide an accurate measure of what is taking place. There is 
no current agreement on the interpretation of red-shifts moving in the same direction. 
Thus, there is a gap in the ability of common ratio based vegetative indices to produce 
meaningful information when the red and NIR bands are trending in the same direction. 
Thus, terms positive red-shift translation and negative red-shift translation that refer to 
cases where the red and NIR bands trend upward and downward, respectively, need 
careful attention in relation to changes in the vegetative surface characteristics. 
3.0 Rationale 
Trends in vegetation indices over time are an established method for determining 
ecosystem health and variation. Numerous vegetation indices have been developed over 
the last 30 years. These indices have strengths and limitations, and thus should not be 
relied upon alone for determining climate driven changes (Higginbottom and 
Symeonakis, 2014). One of the biggest challenges encountered when using vegetation 
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indices is the interpretation of their relationship to the physical properties of vegetative 
surface cover. This is especially true in areas of low green surface cover where the 
understanding of vegetation indices remains unclear (Jin and Eklundh, 2014). This gap in 
understanding of vegetation indices can be better explained by red-shift response to 
changes in vegetative surface conditions. In addition, the application of vegetation 
indices to ecological trend studies has suffered from a scarcity of validation studies 
comparing index performance against actual field survey data (Steyer et al., 2013).  
These findings identify critical gaps in the use of vegetation indices that must be 
addressed to ensure the reliability and accuracy of climate driven vegetation studies. 
There is a need for an analytical methodology that incorporates multiple indices to 
accurately identify vegetative changes. The gap in understanding the meaning of 
vegetation indices when the red and NIR are trending in the same direction must be 
validated through testing against surface vegetation plots that have accurate long-term 
surface cover and composition data. Also, the lack of data validating the performance of 
these measures needs to be addressed by comparing numerous long-term field survey 
sites with the prediction efficiency of vegetation indices and tasseled cap transforms. 
4.0 Objectives 
This research seeks to determine vegetative responses to recent climate change 
that allow us to hypothesize how those changes will progress under various predicted 
climate regimes. Specific objectives of this research are 
1. Study and evaluation of recent climate change impacts on the ecosystem; 
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2. Design an analytical methodology that uses remote sensing to determine changes 
in vegetative surface cover of the ecosystem;  
3. Study of red-shift translation in relation to vegetation quantity and composition 
change; and 
4. Measure the performance of vegetative indices and transforms against data from 
vegetative survey plots. 
A brief approach to achieve these objectives is described as follows. 
Determination of how recent climate change has affected the study area ecosystem is 
accomplished by finding changes in the vegetative surface cover and comparing those 
changes to trends in environmental variables including temperature and precipitation. 
Surface cover changes are identified through the analysis of Landsat imagery collected 
over the last 30 years. Landsat surface reflectance data is obtained from the 
EarthExplorer web site operated by the USGS (http://earthexplorer.usgs.gov/). 
Temperature and precipitation data for the study area over that same time period 
is obtained from the University of Oregon’s Parameter-elevation Regressions on 
Independent Slopes Model (PRISM) web site. The PRISM data set is generated by using 
linear regression adjusted for elevation. The climate parameter calculated by the model is 
weighted by several factors including distance and topographic facet from the 
measurement station, (source: http://www.prism.oregonstate.edu/).  
Actual field station data is preferred over modeled data such as PRISM. Modeled 
data carries the risk of relying on weather station data that is too sparse to accurately 
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capture climate forcing factors such as those caused by variations in terrain or elevation 
effects (Daly, 2006). However, in remote areas where few meteorological stations exist, 
data derived from these models is essential. The PRISM model has been evaluated to 
determine its limitations in climate studies and although not perfect, PRISM offers the 
best solution for determining climate data in remote areas with significant terrain 
variation such as alpine watersheds (Daly, 2006). 
The methodology developed for this study includes examination of variations in 
the spectral responses of both soils and vegetation that are used to find changes in 
physiological processes being altered by changing environmental parameters. These 
vegetation indices and transforms serve as the surrogate measure of ecosystem vegetation 
response to recent climate change. The current gap in being able to interpret vegetative 
changes when red-shift translations are taking place is addressed by development and 
testing of the red-shift translation hypothesis. Study sites are evaluated using both 
standard red-shift theory of vegetative increase when there is red-shift stretch and 
vegetative declines when there is red-shift compression and a new theory of vegetative 
increases with composition change when there is red-shift downward translation and 
vegetative declines with composition change when there is red-shift upward translation. 
The performance of vegetation indices and tasseled cap transforms is determined 
by comparing their predictions against actual field plot survey data. Understanding the 
accuracy of all four red-shift theories as well as vegetation indices and tasseled cap 
transformations is essential to provide confidence of their use in ecological studies. This 
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research evaluates the performance of various vegetation indices derived from Landsat 
surface reflectance data for their ability to determine climate driven ecological changes 
and determines limitations and inconsistencies with these methods.  
5.0 Data and Study Design 
This section provides a general description of data and study area applicable to all 
chapters of the manuscript. In this study, trends in the six Landsat spectral reflectance 
bands as well as trends in three common vegetation indices and three tasseled cap 
transforms are used to determine changes in surface vegetation. Using multiple ratio 
based indices and transforms based on linear band combinations provides redundancy 
and increases confidence levels in conclusions made from their analysis. In addition to 
vegetative indices and transforms, spectral mixture analysis is employed at thirty sample 
sites throughout the study area to determine recent climate induced compositional 
changes. This study design addresses the gap of reliance on individual measures to 
identify climate driven ecological changes. 
In order to achieve these goals, a study site is selected that has seen minimal 
human impact and is representative of an ecologically sensitive area containing numerous 
ecotones. This allows  for the analysis of shifting patterns in vegetative surface cover and 
to link those changes to altered climatic regimes. The study area chosen for this research 
is the Big Pine Creek watershed located in California’s Eastern Sierra’s. This watershed 
is home to the southern-most glacier in the United States, the Palisade.  The study area is 
typical of many alpine environments with a significant elevation gradient, rising from 
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1200 meters above mean sea level (MSL) at the Owens River to over 3600 meters MSL 
at the base of the Palisade. 
The study area has been relatively stable and unaffected by recent natural and 
anthropogenic factors. Although warming temperatures increase the risk of fire frequency 
and intensity in addition to increasing the risk of pest infestation, the Big Pine Creek 
watershed has remained relatively unscathed. Human impacts are minimal as the majority 
of the watershed is inside of a protected national forest. While geological impacts to the 
study area have not been evident in the last few decades, the area is at heightened risk to 
such events as warming temperatures.  
Liu et al., (2013) have found faster rates of rock glacier movement in the southern 
Sierra Nevada are compared to that further north (Liu et al., 2013). Warming 
temperatures will not only increase these glacier movements they will also lead to 
reduced permafrost cover that can have both positive and negative impacts on the area’s 
ecology. As the soil near the summit warms and becomes more amenable to vegetation 
establishment, the risk of landslides that can devastate large sections of the watershed 
will also increase.  
The persistence of the snowpack is another physical attribute of the study area 
that affects vegetation response to climate change. Warming temperatures will reduce the 
number of days the ground is covered which will therefore allow new vegetative 
establishment. Snowpack levels in the eastern sierras have seen significant declines in the 
last few years. Belmecheri et al, (2015) have found that the Sierra Nevada snowpack is 
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currently experiencing its lowest record in the last 500 years with April 1st 2015 levels at 
only 5 percent of their 50 year historical average. Their data indicates this recent 
significant decline began in 2010 while data for the previous three decades were within 
the normal range of variation (Belmecheri et al, 2015). 
Moisture availability plays an essential role in the functioning of a healthy 
ecosystem. The risks to vegetative species from declining moisture levels include not 
only higher risk of fire, but also from increased susceptibility to pest infestation. 
Although the Big Pine Creek watershed has not shown evidence of significant pest 
infestation to date, white pine beetle infestation is reported in surrounding areas of the 
Inyo national forest, (California Pest Control Council, 2013). 
Many of the vegetative species which populate this watershed exist at the limits of 
their environmental tolerance. This makes them very susceptible to slight changes in 
temperature and precipitation. This also makes the study area an ideal laboratory for 
examining ecosystem response to climate change since the effects from the small 
variations in climate that have already taken place over the last few decades will first be 
observed in these areas. This study area is also accessible which allows for determination 
of current surface cover characteristics and for the in situ collection of surface cover 
samples used to establish baseline spectral data.  
6.0 Contributions 
This research addresses several gaps identified in the rationale section. New 
insights into climate driven changes were gained using vegetation indices. Moreover, an 
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analytical methodology of multiple indices and spectral mixture analysis is produced that 
accurately identifies vegetative changes. Furthermore, a new understanding of vegetation 
cover and composition is developed by studying red-shift translation. Finally, the 
performance of three vegetation indices and three tasseled cap transforms were compared 
using field survey data. 
The scholarly contributions provided by this research include four journal 
publications and two conference presentations. Two additional research papers have 
recently been submitted to peer reviewed journals for publication. The first study in this 
research program examining the spectral response to rising temperatures at 30 sites in the 
Big Pine Creek watershed found reductions in surface reflectance coincident with the 
statistically significant increases in temperature across the entire watershed. These initial 
findings were presented at the River Basins Management VII conference at New Forest, 
England in May 2013. These results were later published in the Wessex Institute of 
Technology (WIT) journal WIT Transactions on Ecology (Sawyer and Stephen, 2013). 
Another contribution of this research was the discovery that vegetation indices are 
unable to find trends in vegetative response when the visible and NIR are trending in the 
same direction. This finding was achieved by exploring the trends in vegetation indices 
and tasseled cap transformations for the 30 sites examined in the initial study. These 
results were published in the journal Advances in Space Research (Sawyer and Stephen, 
2014). 
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The next contribution derived from this research is the finding of excellent 
agreement between the newly published USGS surface reflectance data set and surface 
reflectance determined using the manual dark object subtraction (DOS) method. This 
finding eliminates the need to revisit previous ecological studies using the new USGS 
data set. The findings from this study were presented at the International Conference on 
Advances in Bio-Informatics, Bio-Technology, and Environmental Engineering held at 
Westminster University in London, England in June 2014. They were later published in 
the International Journal of Earthquake Engineering (Sawyer and Stephen, 2014). 
The next contribution of this research was the identification of increases in 
vegetation taking place in developed stands with moderate to severe declines occurring in 
vegetative cover in sparsely vegetated sites. A significant bifurcation in the response at 
sparsely vegetated sites was identified with the lower portions of the watershed 
experiencing significant vegetative declines while the upper elevations were seeing 
increases in vegetation. Dividing the sites based on vegetative density enabled the 
determination of changes taking place at the fringes of vegetative assemblages and within 
established sites. These results were published in the journal Earth Sciences (Sawyer and 
Stephen, 2014). 
An additional contribution of this research is a complete spectral data set 
containing full visible through NIR spectra from 116 samples. The spectra include 
numerous examples of common vegetation including broad leaf tree species such as 
aspen and birch, narrow leaf examples of willow, and several needle leaf pines and firs. 
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Numerous shrub samples including sages, junipers and manzanitas are included. Spectra 
of numerous non-photosynthetic vegetation samples (litter) are provided as well as soil 
and rock types found throughout the watershed. These data were developed into a paper 
that has been submitted for publication.  
Throughout the course of this research, numerous changes to the surface cover 
vegetation of the study area over the last three decades were identified. Existing theory 
on red-shift stretch and compression were also determined to not necessarily reflect 
simple cases of increases or decreases in vegetative cover, but may in fact represent 
composition change. Key findings from the vegetation indices validation analysis include 
red-shift stretch and red-shift downward translation trends corresponded to actual 
increases in vegetative cover in over 90% of the sites.  
For the vegetative indices and tasseled cap transformations, there is an overall 
agreement between the indices and actual field data. However, a striking finding from 
this study was the poor level of agreement between tasseled cap wetness and actual field 
survey data. This was unexpected since recent studies have identified tasseled cap 
wetness as one of the most accurate indicators of vegetative change (Czerwinski et al., 
2014). Red-shift stretch and red-shift compression demonstrated the highest level of 
agreement with actual field data. A paper containing all of the findings form this study 
has been submitted to a journal for publication. 
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7.0 Dissertation Outline 
This research examines the impacts of recent climate change on fragile alpine 
ecosystem vegetation through the use of remote sensing imagery. This dissertation is 
written in a manuscript style where chapters 2 through 6 are papers published or 
submitted for publication with conclusions presented in Chapter 7. These Chapters 
investigate several research questions. 
In Chapter 2, a time series examination of historical Landsat data is used to find 
changes in the observed surface reflectance over time based on the predominant land 
cover classes present within the watershed. Given the importance of determining the 
impact of higher temperatures on the planet’s ecosystems, the effect rising temperatures 
have on the spectral reflectance properties of vegetation is determined. It is hypothesized 
that higher temperatures result in higher surface reflectance values in dry regions where 
the increased temperatures increase evapotranspiration resulting in reduced vegetation. 
However, in areas where moisture is abundant, higher temperatures are hypothesized to 
result in lower surface reflectance values brought about by increased vegetative cover 
generated from increased rates of photosynthesis. The information provided by the 
reflectance data for each spectral region is used to determine how changes in temperature 
affect the study area vegetation.  
In Chapter 3, a comparison of the surface reflectance generated from a traditional 
dark object subtraction methodology versus the USGS Climate Data Record data set is 
provided. This research question investigates the effect different analytical methods have 
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on the determination of surface reflectance from remote sensing imagery. This is 
accomplished by comparing the surface reflectance data generated by the USGS with the 
surface reflectance generated using a simple Dark Object Subtraction (DOS) atmospheric 
correction based on the Cosine Theta (COST) algorithm developed by Chavez, 1996. The 
two data sets are compared using simple linear regression. Correlation coefficients are 
determined for each data set for each of the six reflective bands of the Landsat 5 TM 
sensor. The data are used in several ways including a simple comparison of all data sets 
and how those comparisons have trended over time, how the data sets compare based on 
land class, how the data sets compare based on elevation, and how the data sets compare 
based on vegetative density to determine which parameters show significant 
disagreement. It is hypothesized that the surface reflectance determined using older dark 
object subtraction methods show substantial deviation from the USGS published data set, 
requiring researchers to revisit previous studies using the new data set. 
In Chapter 4, a second time series study examines trends in the spectral response 
based on elevation. These studies correlate spectral reflectance trends to variations in 
environmental parameters including temperature and precipitation, taking into account 
land cover classification, elevation, and vegetative density. It is hypothesized that 
warming temperatures will drive upslope migration of species leading to composition 
changes as cold climate species are pushed into a summit trap, reducing their habitable 
space while increasing the space available for warm weather species to expand into. It is 
also theorized that higher temperatures will drive increased photosynthesis in water rich 
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densely vegetated areas while reducing cover in dry sparsely vegetated areas. In order to 
ensure a representative sample of all the communities present within the watershed, three 
sample sites representing dense vegetation (ground cover > 50%), medium vegetation 
(ground cover 10% to 50%) and sparse vegetation (ground cover < 10%) are selected for 
every 100 meters of elevation gradient within the watershed from 1200 meters MSL to 
3600 meters MSL (75 total sample sites; 25 dense, 25 medium, and 25 sparse). 
Using the information derived from the previous studies leads to the principal 
research question of this work; how has recent climate change impacted the Big Pine 
Creek watershed. It is hypothesized that higher temperatures in alpine watersheds will 
drive numerous physiological changes including increased vegetative growth in water 
rich areas and declines in vegetative cover in water poor areas. The physical constraints 
of alpine regions will promote species turnover as cold weather species are pushed into 
the summit trap while warm weather species expand into newly habitable zones. To 
address this question a site survey is conducted at 30 sample sites throughout the 
watershed. Field collected spectral signatures from the primary endmembers of each site 
are also provided. Chapter 5 presents the results of the field survey data collection 
performed in July 2014 and includes spectra of the predominant surface cover vegetation, 
litter, and soil.  
In Chapter 6, trends in vegetative response to recent climate are presented. In this 
study, thirty sites are investigated for trends in surface reflectance, vegetation indices, 
and tasseled cap transformations as well as analysis using spectral mixture analysis 
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(SMA) on each site and performing a trend analysis on the results of the SMA. This 
analysis of the sample sites identifies specific changes to the vegetative composition 
taking place.  
The study in Chapter 6 also examines the performance of red-shift theory, 
vegetation indices and tasseled cap transforms against actual field survey data from fifty 
permanent sites located at several locations in the western United States. Vegetation 
indices have long been used to elicit information regarding vegetative health and quantity 
from satellite imagery. However, few studies exist regarding their use in determining 
trends in vegetative surface cover. Existing theory of vegetative increases under red-shift 
stretch and vegetative declines under red-shift compression are expanded upon to include 
the hypothesis of increasing vegetation with composition change under red-shift 
downward translation and vegetative decline with composition change under red-shift 
upward translation.  
The theory that the information derived from trend studies of vegetation indices 
and transforms will closely follow the information derived from the long term vegetation 
plot surveys is investigated. Fifty long term vegetation transects are examined to 
determine trends in surface cover and composition data. These data are then compared to 
red-shift theories, vegetation indices, and tasseled cap transform data generated from 
satellite imagery over those same fifty sites. 
Finally, in Chapter 7, a discussion of the findings from each of the studies 
performed in this research program is presented along with conclusions and 
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recommendations. Appendix A includes the publisher copyright agreements from the 
three manuscripts included as chapters in this document as well as the acceptance rate 
letter for a conference paper that is a part of this manuscript. 
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Chapter 2: The Big Pine Creek Watershed and Climate Change: A Trend Analysis 
of Landsat Surface Reflectance Data and PRISM Datasets over the last three 
decades 
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Abstract 
Recent variations in normal meteorological conditions indicate the earth’s climate 
is changing in ways that may impact delicate ecological balances in sensitive regions. 
Determining how those changes are affecting the biosphere is essential if we are going to 
be able to adapt to those changes and to potentially mitigate their harmful consequences. 
This paper presents a time series study of an alpine ecosystem in the Big Pine Creek 
watershed in California’s Eastern Sierra Nevada Mountain’s. Raw Landsat data covering 
the years 1984 through 2011 is converted to observed surface reflectance and analyzed 
for trends that would indicate a change in the ecosystem. We found that over the time 
period of the study, observed surface reflectance shows a general decline across the 
spectrum while our analysis of environmental data demonstrates statistically significant 
increases in temperatures. While declining reflectance in the visible and short wave bands 
are indicators of increased surface cover, the fact that the IR band also shows declines is 
consistent with a decline in tree density. This study provides a useful insight into the 
ecological response of the Big Pine Creek watershed to recent climate change. These 
findings suggest that alpine ecosystems are particularly sensitive to increasing 
temperatures. If these results are replicated in other alpine watersheds it will demonstrate 
that the biosphere is already showing the effects of a warmer environment. 
1.0 Introduction 
A significant portion of fresh water supplies are tied to glacial and alpine 
ecosystems that are vulnerable to variations in the earth's climate (Barnett et al., 2005). 
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Since these regions exist at the boundaries of climate zones such as the higher and lower 
latitudes and at high elevations where several ecotones may occur in a small geographic 
area, they will absorb the first impact of climate change. Biomes that populate these 
habitats are highly susceptible to changes in environmental conditions (Lindner et al., 
2010). Higher temperature levels will alter the nutrient and energy transfers that drive 
biological processes such as photosynthesis. As the environmental characteristics of 
individual ecosystems change, the physiological processes dependent on those 
environmental parameters also change, resulting in variations in the spectral response of 
both soils and vegetation.  
Spaceborne instruments, that can effectively monitor the biosphere, have become 
essential tools to enhance our ability to adapt to future environmental conditions brought 
about by complex processes such as climate change and population growth (Chung et al., 
2010). Spectral characteristics measured with remote sensing instruments such as the 
Landsat 5 Thematic Mapper (TM) enable us to analyze ecological properties of 
vegetation. Vegetation has characteristic spectral responses such as low red reflectance 
due to chlorophyll absorption and high near infrared (NIR) reflectance due to the 
reflectance of the internal structures of the canopy (Wessman, 1992). Changes in surface 
reflectance can thus be correlated with variation in vegetative cover and plant health. 
Since the constituents of the plants vary over their phenological cycle, it is also possible 
to identify the various stages of the cycle such as spring flowering and fall senescence.  
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Soil also demonstrates unique spectral characteristics depending on properties 
such as its moisture, organic matter content and texture (Jackson et al., 1986). Lower soil 
moisture content, a possible indicator of water stress in vegetation, would cause higher 
surface reflectance in the mid-wave infrared (MWIR) region that can be detected using 
Landsat data (Musick and Pelletier, 1988). Higher temperatures combined with lower 
humidity levels will increase evapotranspiration resulting in less soil and vegetation 
moisture which will place additional burden on ecosystem vegetation. These effects are 
heightened in regions experiencing historic droughts such as the southwestern United 
States (Adams et al., 2009).  Jackson et al. (1986) found that plant water stress will 
decrease the NIR response while increasing the reflectance in the red region of the 
spectrum. In addition to altering the spectral reflectance properties of the vegetation, 
plant stress can alter the geometry of the plant through processes such as drooping or 
wilting, resulting in a higher soil fraction component of the response signal (Jackson et 
al., 1986). Todd and Hoffer (1998) found that reduced vegetation moisture content tends 
to increase visible and MWIR reflectance (Todd and Hoffer, 1998). 
Vogelmann et al. (2009) examined trends in spectral response in a time series 
study of the San Pedro Parks Wilderness area in New Mexico for the years 1992 through 
2006. Higher elevations were shown to be spectrally stable except for areas infested with 
western spruce budworm. Some of the lower elevation shrub regions had declines in their 
short-wave infrared (SWIR)/NIR ratios as did patches of conifer trees suffering from high 
mortality rates (Vogelmann et al., 2009). Loss of available moisture significantly impacts 
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forest growth and overall ecosystem health (Williams et al., 2013). Higher temperatures 
may also promote pest infestation. Williams et al. (2013) found that bark beetle 
populations increased during warmer periods, especially in forests already suffering 
moisture deficits induced by higher temperatures. This study determined that maximum 
temperature (TMAX) is an ideal surrogate for determining vapor pressure deficit induced 
forest stress (Williams et al., 2013). Higher temperatures combined with moisture deficits 
are expected to result in new vegetative assemblages (Williams et al., 2010). 
The ecological response to elevated temperatures is complex and will be affected 
by other factors such as water and other nutrient resource availability. In cold alpine 
regions where water availability is not limiting, higher temperatures are expected to 
increase the habitable zones for several species, allowing for upslope migration and 
increased vegetative cover; provided other essential resources are not limited (Skre and 
Naess, 1999). Conversely, where water is limited, higher temperatures will increase plant 
stress resulting in reduced vegetative cover (Chmura et al., 2011). An ongoing study of 
76 forest plots in the western US has shown increased tree mortality rates correlated with 
increased regional temperatures over the last three decades (van Mantgem et al., 2009). 
This study also found that while mortality rates have increased, recruitment rates have 
not, resulting in an overall decline in forest density (van Mantgem et al., 2009). 
In this paper we examine an alpine watershed using time series analysis of 
Landsat imagery to determine the impact recent climate change has had on the 
ecosystem. The Landsat imagery is processed to derive observed surface reflectance 
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values. We apply a statistical approach to determine the presence of trends in the 
reflectance and meteorological data that would validate the hypothesis of increased 
vegetative surface cover resulting from higher temperatures.  
2.0 Study Area and Data 
2.1 Study Area Description 
Figure 1 below shows the Big Pine Creek watershed located in California’s 
Eastern Sierra Mountains. Big Pine Creek is a major tributary to the Owens River which 
is a significant source of fresh water for Los Angeles. The Owens River valley straddles 
the Great Basin and Mojave deserts with vegetation consisting primarily of pine forests at 
higher elevations and xeric species at lower elevations. Areas bordering streams and the 
Owens River are primarily grass dominated meadows (Elmore et al., 2003).  Elevation 
within the watershed increases from East to West with the higher regions dominated by 
barren rock and woodlands with the lower regions dominated by mixed desert shrubs. 
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Figure 1.  Study area location showing the boundary of the Big Pine Creek 
watershed. 
 
 The Big Pine Creek watershed ecosystem owes its existence to snow melt and 
melt-water from the Palisade Glacier. In addition to being the southern-most glacier in 
the United States, it is also the largest glacier in the Sierras with a surface area of 1.3 
km2.  It was formed about 3,200 years ago, reaching a maximum extent as recently as 170 
years ago (Bowerman and Clark, 2011).  It has been generally in retreat ever since. The 
Big Pine Creek watershed drainage area covers approximately 82 km2 and its average 
flow is 1.8 m3/s. Measurements taken in the 1980’s indicate that the creek is a gaining 
stream at the lower elevations in contrast to most other Owens River tributaries which are 
losing streams (Kondolf, 1989). Since all of the living species within this watershed 
depend on the glacier and snow melt for their survival, the impact of temperature and 
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precipitation variations on the biodiversity of the Big Pine Creek watershed is the focus 
of this study. 
There are 34 land cover classes in the Big Pine Creek watershed with the ten most 
abundant covering 93% of the total surface area. These top ten land cover classes are 
listed in table 1 along with their relative abundance. The United States Geological Survey 
(USGS) provides land cover information to the public through the GAP analysis 
program; an online mapping service hosted by the University of Idaho 
(http://www.gap.uidaho.edu/landcoverviewer.html). In order to ensure a representative 
sample of the numerous vegetative species present in the watershed, three sample sites at 
different elevations, from each of the ten most abundant land cover classes are selected 
for a total of 30 sample sites. These ten land cover classes fall into four types, barren, 
woodland, shrub, and developed. Differences in how the various land types have 
responded to climate change will provide insight into which ecological processes are 
being most affected by recent variation in environmental parameters. 
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Figure 2.  Land Cover Classes of the study area and location of sample sites. 
 
 
Table 1 
Land Cover Classes in the Big Pine Creek Watershed 
USGS Land Class Level 3 Land Type Class ID PIXEL COUNT 
% of 
Pixels 
Mediterranean California Alpine Bedrock and Scree Barren (B2) 3504 46547 39.16 
Great Basin Pinyon-Juniper Woodland Woodland (W2) 4514 25196 21.19 
Inter-Mountain Basins Montane Sagebrush Steppe Shrub (S2) 5308 10597 8.91 
Inter-Mountain Basins Big Sagebrush Shrubland Shrub (S3) 5706 9925 8.35 
Sierra Nevada Subalpine Pine Forest and Woodland Woodland (W3) 4533 6819 5.73 
Sierra Nevada Cliff and Canyon Barren (B1) 3215 2857 2.40 
Inter-Mountain Basins Mixed Salt Desert Scrub Shrub (S1) 5205 2827 2.37 
Developed, Open Space Developed (D1) 1201 1966 1.65 
Mediterranean California Red Fir Forest Woodland (W1) 4318 1872 1.57 
Northern California Mesic Subalpine Woodland Woodland (W4) 4608 1585 1.33 
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2.2 Data 
The data in this study includes Landsat spectral reflectance data, meteorological 
data including PRISM generated precipitation, maximum temperatures, minimum 
temperatures, and dew point temperatures and Big Pine Creek stream flow data. 
2.2.1 Spectral data. 
The Landsat 5 TM imagery used in this analysis was acquired for 28 dates in the 
month of July from 1984 (year of launch) through 2011 (year turned off). Most of the 
imagery used in this analysis is from Path 42, Row 34 with four of the images from Path 
41, Row 34. Both image ID ground swaths cover the entire study area. This imagery was 
obtained from the EarthExplorer web site operated by the USGS 
(http://earthexplorer.usgs.gov/). Since the period of maximum leaf area index generally 
occurs in the mid-June to mid-August time frame (Gond et al., 1999), only imagery in the 
July time frame was considered for this analysis in order to minimize the impacts of the 
phenological cycle on the reflectance data. 
We use only Landsat 5 TM imagery since that sensor has collected data for the 
entire 28 year period of the study. Using a single sensor ensures maximum consistency of 
the data and eliminates errors associated with correlating data from multiple sensors. The 
six reflective bands of the TM sensor cover the blue, green, red, near infrared (NIR), 
short-wave infrared (SWIR), and mid-wave infrared (MWIR) regions of the spectrum as 
well as their ecological applications. Bands 5 and 7 are sometimes referred to as SWIR1 
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and SWIR2. However, in this study, we refer to band 5 as the SWIR and band 7 as the 
MWIR. Band 6 covers the thermal infrared (TIR) and the data from this region is not 
used in this study.  
2.2.2 Meteorological data. 
Meteorological data examined in this study is obtained from the University of 
Oregon’s Parameter-elevation Regressions on Independent Slopes Model (PRISM) web 
site (http://www.prism.oregonstate.edu/). According to its website, PRISM data are 
modeled estimates based on point data and a digital elevation model and is available for 
the entire continental US at 4 km resolution. All 30 sample sites in this study fall within 5 
PRISM grid cells as shown in Figure 3.  
 
 
Figure 3.  PRISM Cell locations and the sample sites within each cell 
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3.0 Research Approach and Methods 
3.1 Statistical Trend Analysis 
The non-parametric Mann-Kendall (MK) trend test is used to establish the 
presence of trends in the surface reflectance observations, meteorological data, and 
stream flow data over the last 28 years. This analysis essentially determines if a set of 
values (y) are increasing or decreasing over time. Mann-Kendall analysis looks at the 
sums of the signs of the differences between successive data points and calculates a score 
or “S” statistic with the following properties: for S < 0 (values are decreasing over time); 
for S > 0 (values are increasing over time). The magnitude of the S-statistic is a measure 
of the strength of the trend. For a sample size of 28, S values of ±100 indicate a 
statistically significant trend with a p value of < 0.05. This means the null hypothesis of 
no-trend in the data can be discarded with the risk of committing a Type II (rejection of a 
true null or H0) error at less than 5%. The MK S-statistic is calculated using 
𝑆𝑆 = � � 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑦𝑦𝑗𝑗 −  𝑦𝑦𝑖𝑖)𝑛𝑛
𝑗𝑗=𝑖𝑖+1
𝑛𝑛−1
𝑖𝑖=1
 , (1) 
where n is the number of observations and yi (i = 1…n) is the value at time Ti and yj (i = 
1,…, n) is the value at time Tj (De Beurs and Henebry, 2005). Variance in the S statistic 
is calculated as 
𝑉𝑉𝑉𝑉𝑉𝑉 (𝑆𝑆) =  𝑠𝑠(𝑠𝑠 − 1)(2𝑠𝑠 + 5)18 . (2) 
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This variance assumes there are no tied pairs in the data. If tied pairs are 
identified, the software program applies a continuity equation which assumes a normal 
distribution for S with a mean zero. The variance is used to determine the probability (p) 
of obtaining a value of S greater than that calculated for the given number of data points 
when no trend is present. The probability statistic is determined from the Z score which is 
defined as: 
𝑍𝑍 =  
⎩
⎪
⎨
⎪
⎧
𝑆𝑆 − 1
�𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆)0
𝑆𝑆 + 1
�𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆) 
, for S > 0 
(3) , for S = 0 
, for S < 0 
 In addition to the trend statistic (S), Kendall’s tau (τ) is determined from the 
equation 
𝜏𝜏 =  𝑆𝑆𝑠𝑠(𝑠𝑠 − 1)2 . (4) 
where n is the number of observations. Kendall’s tau is similar to the correlation 
coefficient in linear regression. The magnitude of the trend is determined using the Sen’s 
slope estimation with confidence intervals defined as the upper and lower estimate for the 
mean value of the slope. Sen’s slope is determined by calculating the slope at each data 
point and taking the median of those slopes as the magnitude of the trend as shown; 
𝑆𝑆𝑆𝑆𝑠𝑠′𝑠𝑠 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑚𝑚𝑆𝑆𝑚𝑚𝑠𝑠𝑉𝑉𝑠𝑠 � 𝑦𝑦𝑗𝑗 −  𝑦𝑦𝑖𝑖
𝑇𝑇𝑠𝑠𝑚𝑚𝑆𝑆𝑗𝑗 −  𝑇𝑇𝑠𝑠𝑚𝑚𝑆𝑆𝑖𝑖�. (5) 
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These calculations are carried out in Excel using the XLSTAT add-in statistical 
application. This program generates the S statistic as well as the probability (p) value 
which is used to quantify the statistical significance of the trend. The confidence factor 
(risk of rejecting a true null) is defined as (1-p)*100%. Trend analysis is performed on 
the spectral reflectance data for the six TM reflectance bands, the meteorological data 
including precipitation, maximum temperature, minimum temperature, dew point 
temperature, and stream flow data. 
3.2 Landsat Data Processing 
The Landsat imagery was processed to observed surface reflectance by first 
converting the digital numbers to at sensor radiance values by removing the gain and 
offset caused by the sensors themselves (Chavez, 1996). The digital numbers (DN) from 
the Landsat Level 1 imagery used in this study are converted to at-sensor radiance values 
using the band specific rescaling factors provided by the header file of each image 
(Chander and Markham, 2003). The spectral radiance at the sensor’s aperture (Lλ), in 
W/m2•sr•µm, is determined using 
𝐿𝐿𝜆𝜆 =  �𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 𝜆𝜆 −  𝐿𝐿𝑀𝑀𝑖𝑖𝑛𝑛 𝜆𝜆𝑄𝑄𝐶𝐶𝑀𝑀𝐶𝐶 𝑚𝑚𝑀𝑀𝑀𝑀 � ∙ 𝑄𝑄𝐶𝐶𝑀𝑀𝐶𝐶 + 𝐿𝐿𝑀𝑀𝑖𝑖𝑛𝑛 𝜆𝜆, (6) 
where Qcal is the calibrated digital number, LMaxλ is the spectral radiance scaled to QCal 
max,  LMinλ  is the spectral radiance scaled to QCal min (Chander and Markham, 2003). The 
next step is conversion of the at-sensor radiance to top of atmosphere reflectance which 
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corrects for variation in exoatmospheric solar irradiance due to spectral band differences 
(Chander and Markham, 2003). Top of atmosphere reflectance (ρP) is calculated as 
𝜌𝜌𝑃𝑃 =  𝜋𝜋 ⋅ 𝐿𝐿𝜆𝜆 ⋅ 𝑚𝑚2𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸𝜆𝜆 ⋅ 𝐶𝐶𝑆𝑆𝑠𝑠𝜃𝜃𝑠𝑠 , (7) 
where ρP is the unitless planetary reflectance, Lλ is the spectral radiance at the sensor's 
aperture, d is the earth sun distance in astronomical units, ESUNλ is the mean solar 
exoatmospheric irradiance, θs is the solar zenith angle in degrees (Chander and Markham, 
2003).  
An atmospheric correction is then applied to obtain surface reflectance using a 
simple image based method called Dark Object Subtraction (DOS) which is based on the 
assumption that radiance seen at the satellite for “dark” pixels (i.e. deep water or shadow) 
result purely from atmospheric path radiance. This allows us to process imagery where 
atmospheric column data are not available (generally pre-2000). For this analysis DOS is 
performed using the Cos θ or “COST” technique developed by Chavez (1996). The first 
step in the DOS method is removal of a reflectance value representing the contribution of 
the atmospheric scattering effect from the DN recorded at the sensor. Two ways of 
selecting this value are the histogram approach in which the DN selected is the first 
below 1000 pixels for a typical Landsat image, or a simpler approach in which a known 
dark object is selected using the assumption that any DN from that pixel is the result of 
the atmospheric contribution. 
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Use of the histogram method typically requires analysis of the entire image 
(Chavez, 1988). Therefore, for this effort, the selection of the minimum pixel value 
representing the atmospheric haze was accomplished by selecting the minimum DN for 
each band over Black Lake. This mountain snowmelt fed water body is surrounded by 
trees and mountain shadow representing an ideal zero reflectance surface for the DOS 
method. The first step in the COST technique is to calculate the minimum radiance 
(Lλ,min) using: 
𝐿𝐿𝜆𝜆,𝑚𝑚𝑖𝑖𝑛𝑛 =  𝐿𝐿𝑀𝑀𝑖𝑖𝑛𝑛 𝜆𝜆 + �𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 𝜆𝜆 −  𝐿𝐿𝑀𝑀𝑖𝑖𝑛𝑛 𝜆𝜆𝑄𝑄𝐶𝐶𝑀𝑀𝐶𝐶 𝑚𝑚𝑀𝑀𝑀𝑀 �. (8) 
Since no targets are completely black, even the dark object will contain some 
radiance value. Therefore, the COST method assigns a 1% reflectance value to the 
selected dark object (Chavez, 1996). The theoretical radiance (Lλ,1%) of a dark object 
(assuming a 1% reflectance) is calculated using: 
𝐿𝐿𝜆𝜆,1% =  0.01 ⋅ 𝑚𝑚2 ⋅ 𝐶𝐶𝑆𝑆𝑠𝑠2𝜃𝜃𝜋𝜋 ⋅ 𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸𝜆𝜆  , (9) 
A haze correction factor (Lλ,haze) is then calculated using: 
𝐿𝐿𝜆𝜆,ℎ𝑀𝑀𝑎𝑎𝑎𝑎 =  𝐿𝐿𝑀𝑀𝑖𝑖𝑛𝑛 𝜆𝜆 − 𝐿𝐿𝜆𝜆,1%, (10) 
(Chavez, 1996). The corrected surface reflectance value (ρP) is then calculated by 
𝜌𝜌𝑃𝑃 =  𝜋𝜋 ⋅ 𝑚𝑚2 ⋅ �𝐿𝐿𝜆𝜆 −  𝐿𝐿𝜆𝜆,ℎ𝑀𝑀𝑎𝑎𝑎𝑎�𝑇𝑇𝑇𝑇𝐸𝐸𝑣𝑣 ⋅ 𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸𝜆𝜆 ⋅ 𝐶𝐶𝑆𝑆𝑠𝑠 𝜃𝜃 ⋅ 𝑇𝑇𝑇𝑇𝐸𝐸𝑎𝑎 , (11) 
where TAUv represents the atmospheric transmittance from the ground to the sensor and 
TAUz is the atmospheric transmittance from the sun to the ground (Lu et al., 2002). Since 
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Landsat images are taken at a nadir angle, TAUv is equal to Cos 0o or 1.0. For the COST 
method, TAUz is equal to the cosine of the solar zenith angle or Cos θo (Chavez, 1996). 
Therefore, the surface reflectance is calculated as: 
𝜌𝜌𝑃𝑃 =  𝜋𝜋 ⋅ 𝑚𝑚2 ⋅ �𝐿𝐿𝜆𝜆 −  𝐿𝐿𝜆𝜆,ℎ𝑀𝑀𝑎𝑎𝑎𝑎�𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸𝜆𝜆 ⋅ 𝐶𝐶𝑆𝑆𝑠𝑠2 𝜃𝜃  , (12) 
 The procedure detailed above provides us with observed surface reflectance 
values for each of the six reflectance bands for all sample sites in each year of the study. 
In order to identify patterns across all the vegetation types in the study area, spectral 
reflectance data are averaged for all the sites in each band and then analyzed for trends. 
Additional analysis is performed by averaging the reflectance data by land type; barren, 
developed, woodland and shrub. We also examine relationships between the spectral 
bands by considering the trends in vegetation indices resulting from the spectral 
reflectance data. Vegetation indices are often used to establish vegetation cover in remote 
sensing studies. We consider both ratio indices which analyze the large difference in the 
red and NIR bands characteristic of vegetation and weighted ratios which focus on 
physical parameters such as surface brightness, greenness and wetness. In this analysis 
we look at the following indices: 
Normalized Difference Vegetation Index (NDVI), defined as 
𝐸𝐸𝑁𝑁𝑉𝑉𝑁𝑁 =  𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅 , (13) 
(Rouse at al., 1974), where ρNIR is the reflectance in band 4 and ρRED is the reflectance in 
band 3; 
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Soil Adjusted Vegetation Index (SAVI), defined as 
𝑆𝑆𝑇𝑇𝑉𝑉𝑁𝑁 = (1 + 𝐿𝐿) 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅 + 𝐿𝐿 , (14) 
where L is a soil correction factor set at 0.5 (Huete, 1988); 
Modified Soil Adjusted Vegetation Index (MSAVI2), defined as 
𝑀𝑀𝑆𝑆𝑇𝑇𝑉𝑉𝑁𝑁2 = 2𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 1 −  �(2𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 1)2 − 8(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅)2  , (15) 
(Qi et al., 1994); and Tasseled Cap transformations for Brightness (TCB), Greenness 
(TCG), and Wetness (TCW) which are defined as 
𝑇𝑇𝐶𝐶𝐵𝐵 = 0.2043𝜌𝜌1 + 0.4185𝜌𝜌2 + 0.5524𝜌𝜌3 + 0.5741𝜌𝜌4 + 0.3124𝜌𝜌5 + 0.2303𝜌𝜌7 
 
(16) 
𝑇𝑇𝐶𝐶𝐺𝐺 = −0.1603𝜌𝜌1 − 0.2819𝜌𝜌2 − 0.4934𝜌𝜌3 + 0.7940𝜌𝜌4 − 0.0002𝜌𝜌5 − 0.1446𝜌𝜌7 
 
(17) 
𝑇𝑇𝐶𝐶𝑊𝑊 = 0.0315𝜌𝜌1 + 0.2021𝜌𝜌2 + 0.3102𝜌𝜌3 + 0.1594𝜌𝜌4 − 0.6806𝜌𝜌5 − 0.6109𝜌𝜌7 (18) 
  
where ρ1…7 is the reflectance in band 1 through band 7 respectively (Crist, 1985). As with 
the spectral reflectance and vegetation index data, the precipitation and temperature data 
sets were averaged across all five PRISM cells to analyze for trends across the entire 
watershed. 
4.0 Results and Discussion 
4.1 Spectral Trend Data 
While each individual site has its’ own unique response to recent environmental 
fluctuations, we first look for patterns across all the vegetation in the watershed. To 
accomplish this, we averaged the observed surface reflectance data over all 30 sample 
sites and analyzed for trends in each of the six reflective bands (see Figure 4). Table 2 
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contains the descriptive statistics of the analysis including the MK-S value, p-value, 
Sen’s slope and confidence intervals (CI). Error bars are set at the confidence interval for 
each data set. 
 
 
 
Figure 4.  Landsat 5 TM observed surface reflectance averaged over all 30 sample 
sites.  
 
Table 2 
Trend Data for Landsat 5 TM Reflective Bands  
Statistic Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
S -78 -42 -94 -98 -82 -70 
p 0.130 0.422 0.066 0.055 0.110 0.175 
Sen’s Slope -0.000291 -0.000243 -0.000465 -0.00059 -0.000544 -0.000639 
CI -0.005 /0.005 -0.006 /0.006 -0.007 /0.006 -0.013 /0.011 -0.008 /0.006 -0.007 /0.008 
 
Figure 4 shows the average spectral response over all 30 sample sites for all six 
reflective bands of the Landsat 5 TM sensor. For the band 1 data, the S value of -78 
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indicates values are declining over time. The p-value of 0.130 indicates that the risk of 
rejecting the null hypothesis of no trend is only 13%. A negative trend in the blue region 
of the spectrum supports our hypothesis of increased vegetative surface cover since 
higher levels of vegetation would mean increased chlorophyll which has strong blue 
region absorption features. 
For band 2 data, the S value of -42 indicates values are declining over time. The 
p-value of 0.422 indicates that the risk of rejecting the null hypothesis of no trend is 
42.2%. Thus while values are in decline, we cannot state there is any significance to the 
trend. Light in the green region tends to reflect off the surface of the vegetation with not 
much absorption. Slight declines in the green reflectance values could potentially be due 
to changes in the physical properties of the vegetation such as reduced surface area from 
leaf wilting or smaller leaves. Less surface area will result in less green region 
reflectance. 
For the band 3 data, the S value of -94 indicates values are declining over time. 
The p-value of 0.066 indicates that the risk of rejecting the null hypothesis of no trend is 
only 6.6%. As with the blue region of the spectrum, the red region is strongly absorbed 
by plant chlorophyll. Thus a negative trend in the red reflectance supports our hypothesis 
of increased vegetative cover.  
For the band 4 data, the S value of -98 indicates values are declining over time. 
The p-value of 0.055 indicates that the risk of rejecting the null hypothesis of no trend is 
only 5.5%. The negative trend in NIR reflectance is difficult to explain and could suggest 
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that the surface cover is showing reduced structural complexity since reflectance in this 
region is due to reflection off the plant cell walls and internal structures (Todd and 
Hoffer, 1998). This finding is consistent with previous nearby studies showing increased 
tree mortality and reduced forest stand density (van Mantgem et al., 2009). With reduced 
tree cover, understory vegetative species with less structural complexity than the trees 
they replaced would be consistent with the declines in both the visible and NIR regions.  
For the band 5 data, the S value of -82 indicates values are declining over time. 
The p-value of 0.110 indicates that the risk of rejecting the null hypothesis of no trend is 
11%. The SWIR region is where the water absorption feature can be seen. Reduced 
SWIR reflectance indicates an increase in water absorption (Todd and Hoffer, 1998). 
This data supports our hypothesis that increased vegetation is present since more 
vegetative surface cover would result in higher water content. 
 For the band 7 data, the S value of -70 indicates values are declining over time. 
The p-value of 0.175 indicates that the risk of rejecting the null hypothesis of no trend is 
17.5%. A decline in the MWIR is an indicator of increased absorption by moisture in the 
soil and vegetation (Asner, 1998) which supports the hypothesis of increased vegetative 
cover. At the 30 meter resolution of the Landsat imagery, every pixel will include 
components of the soil and vegetation present. Since soil is much more reflective in this 
spectral region, an increase in vegetative cover will result in lower overall reflectance. 
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We next grouped the sample sites into four distinct land types, barren, developed, 
shrub, and woodland in order to determine if trends are occurring among common 
vegetative types. Sample site reflectance data was averaged for the four land cover types.  
Figure 5 shows how each of these spectral bands has trended for each of the four 
primary land cover types in the study area. While the barren, woodland, and shrub land 
types all show a consistent pattern with smaller declines in the green (band 2) region and 
larger declines in the NIR (band 4), the developed areas show a different pattern across 
the spectrum with significant declines in the red (band 3) and SWIR/MWIR (bands 5 and 
7) while showing much lower declines in the NIR (band 4). Developed areas consist of 
settings such as city parks, golf courses, and single family residences. This difference in 
the developed areas can be explained by the significant increase in trees and shrubs at one 
of the developed area sample sites included in this study. In the visible bands, the largest 
declines in observed surface reflectance are in the developed and shrub areas while the 
declines in the woodlands and barren areas show less significance. 
The significant declines in reflectance in the MWIR and SWIR for developed land 
cover suggests that surface water content in the soil and vegetation is increasing which is 
consistent with residential irrigation taking place. Similar significant declines in the 
visible, SWIR and MWIR in shrub areas are consistent with more surface cover and 
increased water content. The declines in the NIR are consistent with new growth that has 
yet to develop the structural complexity that will increase the NIR reflectance. Reduced 
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NIR levels are consistent with declines in surface complexity that one would expect if 
species are transitioning from trees to less complex understory vegetation. 
 
 
Figure 5.  Observed surface reflectance trends averaged over all 30 sample sites of 
each Landsat 5 TM reflectance band for the four land types. 
 
While also declining in the other land cover types, the strength of the trends is not 
as significant. For the barren land types, the statistically significant decline in NIR 
reflectance suggests that what sparse vegetation does exist is in retreat. However, the 
declines in the visible, SWIR and MWIR while not statistically significant, is an 
indication vegetative cover is increasing. Similar to the developed and shrub land cover 
types, these responses are consistent with woody shrubs with their high NIR reflectance 
being supplanted with less structurally complex species. The woodland land cover sites 
show similar trends to the barren sites. 
 
 
45 
 
 
We next consider how the trends in reflectance data are manifested in three 
common vegetation indices and the Tasseled Cap transformation. Figure 6 shows how 
these indicators have trended during the 28 year study period with the data summarized in 
table 3. The NDVI, SAVI, and MSAVI2 indicators are essentially ratios of the NIR and Red 
bands with corrections for soil contribution for SAVI and MSAVI2. As we would expect, 
the fact that both our red and NIR reflectance’s are declining make deriving conclusions 
from these ratio indices difficult at best. Since the Tasseled Cap transformation considers 
all six reflective bands, it is better suited to provide useful information regarding trends in 
vegetation for this study area. In particular, the TCB (surface brightness) and TCW 
(wetness) trends both indicate an increase in vegetation over the time period of the study. 
The strong decline in surface brightness and strong increase in wetness are consistent 
with our finding or increased vegetative cover. The small declines in the TCG (greenness) 
are not consistent with increases in green vegetation. This finding is consistent with our 
analysis of each of the six reflectance bands. 
 
Table 3 
Trend Data for Vegetation Indices 
Statistic NDVI SAVI MSAVI2 TCB TCG TCW 
S -6 -48 -58 -80 -36 80 
p 0.922 0.357 0.469 0.120 0.493 0.120 
Sen’s Slope -0.00003 -0.00024 -0.00031 -0.001 -0.00016 0.00045 
CI -0.014 /0.016 -0.011 /0.010 -0.011 /0.011 -0.017 /0.016 -0.006 /0.006 -0.007 /0.006 
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Figure 6.  Trends in Vegetation Indices over the 28 year study period. 
 
  The trends in observed spectral reflectance are consistent with increased 
vegetative cover in the study area. The declines in the visible bands indicate the presence 
of increased photosynthetic compounds that will accompany increased vegetative cover. 
Declines in the SWIR indicate more water in the scene; another indicator of increased 
vegetation. Declines in the MWIR are also consistent with increased vegetative surface 
cover since an increase would suggest higher soil fraction in the land cover. To determine 
what is driving the increased vegetative surface cover indicated by the observed surface 
reflectance data, we examine the environmental parameters of precipitation, and 
temperature. 
4.2 Meteorological Data 
The meteorological data analyzed in this study include precipitation (PPT), 
maximum temperature (TMAX), minimum temperature (TMIN) and the dew point 
temperature (TDEW). Big Pine Creek stream flow trends are also analyzed. Precipitation 
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and temperature data are averaged for each month over the 28 years of the study period. 
Looking at the monthly trends lets us identify patterns in the seasonality of the study area 
climate. In addition to monthly precipitation trends, we examine the annual precipitation 
quantities and Big Pine Creek stream flow data to see if there is evidence of divergence 
which would suggest increased melting of the Palisade glacier. 
 
 
Figure 7. Trends in the monthly precipitation data for the study area for each of the 
five PRISM cells. 
 
Figure 7 shows the trends in precipitation over the study area for the last 28 years. 
The PRISM cells are oriented west to east with cell 1 being at the highest elevation near 
the glacier and cell 5 located in the lowest elevation near the valley floor. The 
precipitation trends are very consistent across all the PRISM cells with each showing 
similar seasonal patterns. For this time period, 50% show negative trends and 50% show 
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positive trends. Only 7% of the precipitation data sets show statistically significant trends 
(negative).  
Looking at seasonal trends, the precipitation appears to be increasing in January, 
February, October and December while decreasing in March, June, July, and August, 
(wetter winters and dryer summers). As with the precipitation, there are no statistically 
significant trends in the stream flow data. However, the months of January, February, 
April, and August appear to show reduced flow rates while the remainder of the year 
appears to indicate increased stream flows. 
    The trends in precipitation, while not statistically significant, do indicate that 
moisture availability has not significantly changed during the 28 year study period. Even 
though the monthly precipitation patterns are consistent with development of a late 
summer moisture deficit, the observed surface reflectance data does not indicate any 
water resource limitation impacts on the vegetation. This finding suggests that the trends 
observed in surface reflectance are being driven by other environmental variables such as 
temperature. As with the precipitation data, the temperature data consists of modelled 
results based on point measurements. Trends in average maximum, minimum and dew 
point temperature are presented below. 
Figure 8 shows the annual averaged maximum, minimum, and dew point 
temperatures for all five PRISM cells across the Big Pine Creek study area. The trend 
statistics shown in table 4 demonstrate that there are very strong positive trends in the 
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maximum and minimum temperatures and a slight negative trend in the dew point 
temperatures. 
 
 
Figure 8. Temperature data for the Big Pine Creek watershed (1984 – 2011). 
 
Table 4 
Trend Data for Temperatures 
Statistic TMAX TMIN TDEW 
S 227 270 -60 
p <0.0001 <0.0001 0.247 
Sen’s Slope 0.256 0.275 -0.075 
CI -0.544 /1.072 -0.319 /0.964 -1.618 /1.49 
 
Looking further into the monthly temperature trends, we see that for the 
maximum temperatures, the largest increases are taking place in the summer with smaller 
increases in the winter; see Figure 9. Higher temperatures are an important factor in 
driving ecological changes since all biological processes are at their essence chemical 
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reactions and increased temperatures will increase reaction rates. Increased biological 
activity can alter vegetative composition by changing the availability essential nutrients. 
Some nutrients will be more available through faster litter breakdown while some 
nutrients will be consumed at faster rates. This change in resource availability will drive 
changes in species composition to those species that are better suited to the new 
environmental conditions and resource make-up. 
 
 
Figure 9.  Trends in the monthly temperature data for the study area averaged for all 
five PRISM cells. 
 
In addition to driving biological activity, higher temperatures will also increase 
evapotranspiration. This will reduce moisture availability and stress vegetative species, 
especially those that are not drought tolerant. Species with less dependence on soil 
moisture will be favored. However, based on the trends in the SWIR and MWIR 
discussed earlier, soil moisture deficits have not developed. The declines in these spectral 
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regions are consistent with higher surface moisture content since water absorption is a 
primary factor in the reflectance of these bands. 
For the monthly minimum temperature trends, we see the largest increases are 
taking place in the summer and fall with smaller increases in the winter and spring. What 
these data demonstrate is that the summers are getting warmer and the winters are getting 
milder. This is an important finding since as discussed earlier, warmer summers will 
increase evapotranspiration during the dry season, increasing potential water stress in the 
vegetation. Milder winters will also result in reduced water storage capacity as less 
precipitation will fall as snow, which also results in reduced water supplies in the 
warmest time of the year. 
Figure 9 shows the dew point temperatures (TDEW), which are an indication of 
atmospheric moisture content show a preponderance of negative S values (85%) 
indicating a reduction in humidity levels. There are statistically significant declines in 
TDEW in the months of August and September. The seasonal trends found in this analysis 
closely align with future climate regimes predicted by general circulation models 
showing milder wetter winters and hotter drier summers (Lenihan et al., 2003). Lenihan 
et al. (2003) show that these future climate scenarios can produce shifts in the vegetative 
composition. In particular, their biological distribution model simulations suggest a shift 
from shrubs to grasslands under these conditions (Lenihan et al., 2003). All the 
temperature trends, maximum, minimum, and dew point demonstrate that the Big Pine 
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Creek watershed is at heightened risk from climate change and highlight the need to 
develop strategies to adapt to the new climate paradigm. 
Higher temperature is an essential factor in the growth of additional vegetation 
within the study area. While the trends of warmer and dryer summers suggest potential 
vegetative moisture stress, the observed spectral reflectance data (reduced SWIR and 
MWIR) does not find any evidence that those conditions have affected the vegetation. 
The negative trends in the blue and red regions of the spectrum suggest increased 
absorption by plant pigments from which we infer increased vegetation. The trends in the 
NIR are more difficult to explain and may, in fact may contradict the conclusion that 
vegetation is increasing.  
4.3 Confidence Levels 
Multitemporal satellite imagery is impacted by several factors including changes 
in sensor response, sensor stability, atmospheric effects, and illumination effects 
(Vicente-Serrano et al., 2008).  To account for geometric pixel registration errors, which 
are generally below 0.5 pixels (Schueler and Salomonson, 1985), the pixel values for 
each sample site were resampled by averaging the eight adjacent pixel values along with 
the sample site pixel value. Radiometric uncertainty for the TM data is approximately 5% 
(Chander et al., 2009). The USGS has recently published surface reflectance data sets for 
all of the Landsat 5 imagery analyzed in this study. Future work will include comparison 
of the USGS surface reflectance data with the reflectance data developed in this study.   
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The meteorological data used in this analysis is modeled data that is based on 
interpolation of point data between measurement stations and averaged over 4 km2 grids. 
Analysis of how well the model predictions correlate against the actual point sampling 
locations shows errors generally in the 10 to 20% range (Daly, 2006). While the Landsat 
reflectance data only covers a 28 year time span, the PRISM data extends back to 1895. 
Temperature trends over the last century show significant warming through the end of the 
1940’s, followed by a down trend lasting into the mid 1970’s. Since that time, the study 
area has seen a consistent climb in temperatures across all five PRISM cells. 
5.0 Summary and Conclusions 
 This study examined the changes in the ecosystem of the Big Pine Creek 
watershed as measured by trends in observed surface reflectance values at 30 sample sites 
over a 28 year time span from 1984 through 2011. Observed surface reflectance shows 
declining trends in each band when averaged across all 30 sample sites. Lower surface 
reflectance in the visible bands is an indication of increased vegetation cover. However, 
the fact that the NIR reflectance is also decreasing suggests that any additional vegetative 
cover is structurally less dense.  
Examination of ratio based vegetation indices including NDVI, SAVI, and MSAVI2 
do not show significant trends primarily due to the fact that both the Red and NIR bands 
are both declining. Looking at the Tasseled Cap transformation however, we see 
additional support for our conclusion that vegetative cover has been increasing based on 
strong declines in surface brightness and strong increases in wetness. These findings are 
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consistent with existing regional (California Sierra Nevada) studies showing increased 
rates of tree mortality resulting in reduced forest stand density (van Mantgem et al., 
2009). The reduced tree cover allows for increased understory growth. Reduced forest 
density is also consistent with the strong NIR declines found in the study. 
To determine what is driving the lower surface reflectance, we examined trends in 
the environmental parameters of precipitation and temperature. Average monthly 
minimum and maximum temperatures show statistically significant upward trends. 
Increased temperatures support increased photosynthetic activity as long as that process 
is not limited by other factors such as lack of water availability. In areas without water or 
other nutrient resource limitations, these conditions are conducive for increased 
vegetative surface cover resulting in stronger absorption in the visible region of the 
spectrum. The statistically significant declines in late summer dew point temperatures 
suggest a moisture deficit may be developing during the least rainy months of the year. 
However, while the NIR reflectance would be expected to decline in moisture 
stressed vegetation, the SWIR (band 5) is expected to increase from reduced water 
absorption in the SWIR band. The data in this analysis do not reflect increased SWIR 
reflectance. The reduced MWIR values we observe are another indicator of increased 
vegetation since this region is highly reflective in barren areas and reduced in vegetated 
areas. All of these observations are consistent with an increase of ecosystem vegetative 
surface cover with reduced structural complexity.  
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Chapter 3: Comparison of Surface Reflectance Values from the USGS Landsat 5 
TM Climate Data Record (CDR) with Values Generated using a Simple Dark 
Object Subtraction (DOS) Method in an Alpine Watershed 
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Abstract 
Extraction of relevant information from remotely sensed imagery is essential for 
the identification of changes in the earth’s environment. Methods for converting the data 
collected at the sensor to surface reflectance have been under constant improvement since 
the beginning of the Landsat program. The time and effort needed to perform this task 
has recently been eliminated with the publication of the USGS Landsat CDR. This paper 
compares the data available from the USGS with a simple dark object subtraction method 
for determining surface reflectance. Our goal is to determine if the USGS data set is 
comparable to previous methods. We find that the USGS data set is strongly correlated 
with the simpler DOS method. While clear differences in absolute surface reflectance are 
observed in the visible and near-IR bands, the trends in the data over time are consistent. 
This suggests that previous trend studies using the simpler methods do not need to be 
revisited using the newer data. The findings also suggest that researchers no longer need 
to perform the labor intensive step of converting raw data to surface reflectance by 
making use of the USGS surface reflectance data instead. 
1.0 Introduction 
Understanding changes in Earth’s environment is becoming ever more critical as 
the pace of those changes increases due to factors including anthropogenic influence on 
global mass and energy balances.  
Spaceborne instruments, that can effectively monitor the biosphere, have become 
essential tools to enhance our ability to adapt to future environmental conditions brought 
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about by complex processes such as climate change and population growth (Chung et al., 
2010). The Landsat program has been indispensable in the analysis of temporal changes 
in the environment. Landsat earth observation sensors have been in continuous orbit since 
1972, providing an unparalleled opportunity to observe changes to the environment and 
to develop analytical techniques that can relate the Landsat remote sensing data to natural 
and anthropogenic processes responsible for the observed changes. Examples of how this 
data is applied to ecological science include: analysis of net primary productivity (NPP) 
and species richness; monitoring of climate variables such as temperature, precipitation, 
and soil moisture; determining species distributions and habitat structure including 
topography (Turner et al., 2003).  
The ecological response to elevated temperatures and CO2 levels is complex and 
will be affected by other factors such as water and other nutrient resource availability. In 
cold alpine regions where water availability is not limiting, higher temperatures are 
expected to increase the habitable zones for several species, allowing for upslope 
migration and increased vegetative cover. Higher temperatures combined with increased 
atmospheric CO2 levels will increase photosynthesis resulting in increased biomass; 
provided other essential resources are not limited (Skre and Naess, 1999). Conversely, 
where water is limited, higher temperatures will increase plant stress resulting in reduced 
vegetative cover (Chmura et al., 2011). 
In order to use the wealth of information contained in the Landsat archive 
database, methods for converting the raw digital numbers recorded by the sensor to actual 
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surface reflectance must be used. The common methodology for this conversion is to first 
convert the digital numbers to the at sensor radiance value, followed by conversion to 
Top-of-Atmosphere (TOA) reflectance and finally applying an atmospheric correction to 
determine the surface reflectance. 
There are many atmospheric correction procedures that have been developed over 
the last two decades, and with the addition of atmospheric profiling remote sensors, many 
atmospheric correction algorithms are now available that include actual upwelling and 
downwelling radiance values in the analysis. However, in order to take advantage of the 
older Landsat imagery (<2000), other methods, typically imaged based, are used. One of 
the most common atmospheric correction methods is known as “Dark Object Subtraction 
or DOS”. This method is based on the assumption that radiance seen at the satellite for 
“dark” pixels (i.e. deep water) result purely from atmospheric path radiance. A derivation 
of the DOS technique known as the Cos θ or “COST” method is used in this analysis due 
to its simplicity and ease of use. The underlying assumption in this method is that there is 
a theoretical dark object that is assumed to have a reflectance of 1% (Chavez, 1996). 
The determination of surface reflectance from the raw Landsat data can be a time 
consuming and complicated procedure. Fortunately, the United State Geological Survey 
(USGS) has automated this task and published a complete set of surface reflectance data 
derived from raw Landsat 5 Thematic Mapper TM and Landsat 7 Enhanced Thematic 
Mapper (ETM+) imagery. The data, designated the Climate Data Record (CDR), is 
available for download free from the USGS EarthExplorer 
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(http://earthexplorer.usgs.gov/) website. The CDR data set was developed under the 
Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) program. The 
LEDAPS project made use of the existing MODIS Adaptive Processing System 
(MODAPS) developed for the Moderate Resolution Imaging Spectroradiometer 
(MODIS) sensor to convert raw at-sensor data to surface reflectance (Masek et al., 2006). 
While the availability of this data will no doubt enhance the standardization and 
utilization of the Landsat data archive, it is important to consider how this data set differs 
from the surface reflectance values determined in previous studies. This information will 
allow us to evaluate the usefulness of revisiting those previous studies to determine if 
their findings may be altered by use of this new data set.  
In this study, we compare the surface reflectance data generated by the USGS 
with the surface reflectance generated using a simple Dark Object Subtraction 
atmospheric correction based on the COST algorithm developed by Chavez, 1996. The 
two data sets are compared using simple linear regression. Correlation coefficients are 
determined for each data set for each of the six reflective bands of the Landsat 5 TM 
sensor. We analyze the data in several ways included a simple comparison of all data sets 
and how those comparisons have trended over time. We also compare the data sets based 
on land class, elevation, and vegetative density to determine which parameters may show 
significant disagreement.  The study area is an ecologically sensitive Alpine watershed in 
California’s Eastern Sierra Nevada Mountains. 
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2.0 Study Area and Data 
2.1 Study Area Description 
Figure 10 below shows the Big Pine Creek watershed located in California’s 
Eastern Sierra Mountains. Big Pine Creek is a major tributary to the Owens River which 
is a significant source of fresh water for Los Angeles. The Owens River valley straddles 
the Great Basin and Mojave deserts with vegetation consisting primarily of pine forests at 
higher elevations and xeric species at lower elevations. Areas bordering streams and the 
Owens River are primarily grass dominated meadows (Elmore et al., 2003).  Elevation 
within the watershed increases from East to West with the higher regions dominated by 
barren rock and woodlands with the lower regions dominated by mixed desert shrubs. 
The Big Pine Creek watershed ecosystem owes its existence to snow melt and 
melt-water from the Palisade Glacier. In addition to being the southern-most glacier in 
the United States, it is also the largest glacier in the Sierras with a surface area of 1.3 
km2.  It was formed about 3,200 years ago, reaching a maximum extent as recently as 170 
years ago (Bowerman and Clark, 2011).  It has been generally in retreat ever since. The 
Big Pine Creek watershed drainage area covers approximately 82 km2 and its average 
flow is 1.8 m3/s. Measurements taken in the 1980’s indicate that the creek is a gaining 
stream at the lower elevations in contrast to most other Owens River tributaries which are 
losing streams (Kondolf, 1989). Since all of the living species within this watershed 
depend on the glacier and snow melt for their survival, the impact of temperature and 
precipitation variations on the biodiversity of the Big Pine Creek watershed can serve as a 
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predictor of how other ecologically sensitive and critically essential watersheds will 
respond to future climate regimes. 
 
 
 
Figure 10. Study area location showing the boundary of the Big Pine Creek 
watershed. 
 
There are 34 land cover classes in the Big Pine Creek watershed with the ten most 
abundant covering 93% of the total surface area. These top ten land cover classes are 
listed in table 5 along with their relative abundance. The USGS provides land cover 
information to the public through an online mapping service from the University of Idaho 
(http://www.gap.uidaho.edu/landcoverviewer.html). In order to ensure a representative 
sample of numerous vegetative species present in the watershed, three sample sites at 
different elevations, from each of the ten most abundant land cover classes are selected 
for a total of 30 sample sites. These ten land cover classes fall into four types, barren, 
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woodland, shrub, and developed. Differences in how the various land types have 
responded to climate change will provide insight into which ecological processes are 
being most affected by recent variation in environmental parameters.  
In addition to the 30 sites selected by land class, three sites were selected for 
every 100 meter elevation gradient from 1200 meters MSL to 3600 meters MSL. At each 
gradient, a densely vegetated site, a moderately vegetated site, and a sparsely vegetated 
site were selected. These 75 sample sites based on elevation gradient and vegetative 
density combined with the 30 sites chosen by land class provide a total of 105 sample 
sites that will be analyzed for comparison between the USGS CDR surface reflectance 
and the simplified DOS determined surface reflectance.  
 
Table 5 
Land Cover Classes in the Big Pine Creek Watershed 
USGS Land Class Level 3 Land Type Class ID PIXEL COUNT 
% of 
Pixels 
Mediterranean California Alpine Bedrock and Scree Barren (B2) 3504 46547 39.16 
Great Basin Pinyon-Juniper Woodland Woodland (W2) 4514 25196 21.19 
Inter-Mountain Basins Montane Sagebrush Steppe Shrub (S2) 5308 10597 8.91 
Inter-Mountain Basins Big Sagebrush Shrubland Shrub (S3) 5706 9925 8.35 
Sierra Nevada Subalpine Pine Forest and Woodland Woodland (W3) 4533 6819 5.73 
Sierra Nevada Cliff and Canyon Barren (B1) 3215 2857 2.40 
Inter-Mountain Basins Mixed Salt Desert Scrub Shrub (S1) 5205 2827 2.37 
Developed, Open Space Developed (D1) 1201 1966 1.65 
Mediterranean California Red Fir Forest Woodland (W1) 4318 1872 1.57 
Northern California Mesic Subalpine Woodland Woodland (W4) 4608 1585 1.33 
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2.2 Data 
The Landsat program has been providing earth observation remote sensing data to 
the scientific community for four decades. The first Landsat satellite was placed in orbit 
in 1972 with Landsat 7 remaining operational today. Landsat 5 was only recently taken 
off-line. The next generation satellite, the Landsat Data Continuity Mission (Landsat 8), 
was launched on February 11th, 2013 is now operational. Unfortunately, the Landsat 7 
ETM+ imager suffered a scan line correction malfunction in 2003 that causes significant 
striping across the study area, making data acquired since that event difficult to use. In 
this analysis, we use only Landsat 5 TM data collected over a 28 year period from 1984 
through 2011. Using a single sensor ensures maximum consistency of the data and 
eliminates errors associated with correlating data from multiple sensors.  
Table 6 details the six reflective bands of the TM sensor, covering the blue, green, 
red, near infrared (NIR), short-wave infrared (SWIR), and mid-wave infrared (MWIR) 
regions of the spectrum as well as their ecological applications.  
Bands 5 and 7 are sometimes referred to as SWIR1 and SWIR2. However, in this 
study, we refer to band 5 as the SWIR and band 7 as the MWIR. Band 6 covers the 
thermal infrared (TIR) and the data from this region is not used in this study. These 
descriptions are retrieved from the Northern Arizona University Infrared Spectrometry 
Laboratory website 
(http://www.cefns.nau.edu/seses/llecb/Spectrometer/RemoteSensing.html). 
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Table 6 
Landsat 5 TM Band Description and Ecological Application 
Band Spectral 
Range 
(µm) 
Resolution 
(m) 
Region Common Applications 
1 0.45 - 0.52 30 Blue Soil/Vegetation Delineation 
2 0.52 - 0.60 30 Green Assessment of Vegetation Vigor 
3 0.63 - 0.69 30 Red Chlorophyll Absorption for Determining Vegetation 
4 0.76 - 0.90 30 NIR Biomass Survey's, Delineate Water Bodies 
5 1.55 - 1.75 30 SWIR Vegetation and Soil Moisture,  
6 10.4 - 12.5 120 TIR Thermal mapping and estimated soil moisture 
7 2.08 - 2.35 30 MWIR Hydrothermal Mapping 
 
2.2.1 DOS Data. 
The Landsat 5 TM imagery used in this analysis was acquired for 28 dates in the 
month of July from 1984 (year of launch) through 2011 (year turned off). Most of the 
imagery used in this analysis is from Path 42, Row 34 with four of the images from Path 
41, Row 34. Both image ID ground swaths cover the entire study area. The Landsat 
imagery used in this analysis are listed in table 3 below. This imagery was obtained from 
the EarthExplorer web site operated by the United States Geological Survey 
(http://earthexplorer.usgs.gov/). Since the period of maximum leaf area index generally 
occurs in the mid-June to mid-August time frame (Gond et al., 1999), only imagery in the 
July time frame was considered for this analysis in order to minimize the impacts of the 
phenological cycle on the reflectance data. 
2.2.2 USGS CDR. 
The CDR data set consisted of the same imagery with the raw digital numbers 
replaced by calculated surface reflectance values for each of the six reflective bands of 
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the Landsat 5 TM sensor. USGS surface reflectance data is generated from a software 
package known as the Landsat Ecosystem Disturbance Adaptive Processing System 
(LEDAPS). The surface reflectance data is generated by applying an atmospheric 
correction to the raw Landsat 5 TM imagery (USGS, 2013).  
This atmospheric correction uses the Second Simulation of a Satellite Signal in 
the Solar Spectrum (6S) radiative transfer model to account for various atmospheric 
column constituents including water vapor, ozone, and aerosol optical thickness (Masek 
et al., 2006). 
The LEDAPS process uses average daily lamp brightness history to obtain 
calibration coefficients based on acquisition date. These calibration coefficients are used 
to determine the at-sensor radiance values (Masek et al., 2006). The LEDAPS process 
converts at-sensor radiance to top-of-atmosphere (TOA) by an algorithm that 
incorporates solar irradiance derived from the MODTRAN model, bandpass, earth sun 
distance and solar zenith angle (Masek et al., 2006). 
The LEDAPS atmospheric correction assumes particle scattering and gaseous 
absorption can be decoupled (Masek et al., 2006). Surface reflectance is correlated with 
TOA reflectance using equation 19, 








+
+=
+
++
sAR
s
gARARgTOA S
OHTTCHNOCOOOT
ρ
ρρρ
1
)(),,,,( 242223 , 
(19) 
 
 
71 
 
 
where ρs is the surface reflectance, Tg is the gaseous transmission, TR+A is the Rayleigh 
and aerosol transmission, ρR+A is the Rayleigh and aerosol atmospheric intrinsic 
reflectance, and SR+A is the Rayleigh and aerosol spherical albedo (Masek et al., 2006). 
 
Table 7 
Summary of Landsat imagery used in this analysis 
Image Acquisition 
Date 
Acquisition 
Time (Local) 
Scene ID 
(Path/Row) 
 Image Acquisition 
Date 
Acquisition 
Time (Local) 
Scene ID 
(Path/Row) 
7/18/2011 10:22:49 42/34  7/27/1997 10:04:36 42/34 
7/31/2010 10:24:08 42/34  7/8/1996 9:47:45 42/34 
7/5/2009 10:16:13 41/34  7/22/1995 9:38:12 42/34 
7/25/2008 10:20:14 42/34  7/3/1994 9:52:10 42/34 
7/7/2007 10:27:27 42/34  7/16/1993 9:56:07 42/34 
7/13/2006 10:20:33 41/34  7/29/1992 9:56:32 42/34 
7/1/2005 10:21:20 42/34  7/27/1991 9:57:11 42/34 
7/30/2004 10:16:22 42/34  7/8/1990 9:53:51 42/34 
7/12/2003 10:10:04 42/34  7/5/1989 9:34:00 42/34 
7/25/2002 10:09:02 42/34  7/2/1988 10:04:22 42/34 
7/22/2001 10:14:03 42/34  7/25/1987 9:52:56 41/34 
7/19/2000 10:10:47 42/34  7/13/1986 9:56:31 42/34 
7/17/1999 10:11:26 42/34  7/3/1985 9:57:32 41/34 
7/30/1998 10:12:03 42/34  7/7/1984 10:02:17 42/34 
 
3.0 Methodology 
This section describes the methods used to derive the data sets and the 
comparison tests performed.  
3.1 Simplified DOS Calculated Surface Reflectance Data 
3.1.1 Conversion of Digital Number (DN) to Top-of-Atmosphere Reflectance 
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The first step in analyzing raw Landsat data is converting the digital numbers to at 
sensor radiance values by removing the gain and offset caused by the sensors themselves 
(Chavez, 1996). Conversion of Calibrated Digital Number (Qcal) to at sensor radiance is 
accomplished using the equation 20, 
,
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where Lλ = spectral radiance at the sensor's aperture in W/m2•sr•µm (Chander and 
Markham, 2003). Conversion of Radiance (Lλ) to top-of-atmosphere (TOA) reflectance is 
accomplished using the following equation 21, 
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(21) 
where ρP = unitless planetary reflectance, Lλ = spectral radiance at the sensor's aperture, d 
= earth sun distance in astronomical units, ESUNλ = mean solar exoatmospheric 
irradiances, θs = solar zenith angle in degrees (Chander and Markham, 2003). 
3.1.2 Atmospheric Correction 
An atmospheric correction is applied to obtain surface reflectance using a simple 
image based method called Dark Object Subtraction (DOS) which is based on the 
assumption that radiance seen at the satellite for “dark” pixels (i.e. deep water or shadow) 
result purely from atmospheric path radiance. This allows us to process imagery where 
atmospheric column data are not available (generally pre-2000). For this analysis DOS is 
performed using the Cos θ or “COST” technique developed by Chavez (1996). The first 
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step in the DOS method is removal of a reflectance value representing the contribution of 
the atmospheric scattering effect from the DN recorded at the sensor. Two ways of 
selecting this value are the histogram approach in which the DN selected is the first 
below 1000 pixels for a typical Landsat image, or a simpler approach in which a known 
dark object is selected using the assumption that any DN from that pixel is the result of 
the atmospheric contribution. 
Use of the histogram method typically requires analysis of the entire image 
(Chavez, 1988). Therefore, for this effort, the selection of the minimum pixel value 
representing the atmospheric haze was accomplished by selecting the minimum DN for 
each band over Black Lake. This mountain snowmelt fed water body is surrounded by 
trees and mountain shadow representing an ideal zero reflectance surface for the DOS 
method. The first step in the COST technique is to calculate the minimum radiance 
(Lλ,min) using: 





 −
+=
max
min,
Cal
MinMax
Min Q
LL
LL λλλλ . 
(22) 
Since no targets are completely black, even the dark object will contain some radiance 
value. Therefore, the COST method assigns a 1% reflectance value to the selected dark 
object (Chavez, 1996). The theoretical radiance (Lλ,1%) of a dark object (assuming a 1% 
reflectance) is calculated using equation 23, 
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λ π
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A haze correction factor (Lλ,haze) is then calculated using equation 24, 
%1,, λλλ LLL Minhaze −= , (24) 
(Chavez, 1996). The corrected surface reflectance value (ρP) is then calculated using 
equation 25, 
zv
haze
P TAUCosESUNTAU
LLd
⋅⋅⋅
−⋅⋅
=
θ
π
ρ
λ
λλ )( ,
2
, 
(25) 
where TAUv represents the atmospheric transmittance from the ground to the sensor and 
TAUz is the atmospheric transmittance from the sun to the ground. Since Landsat images 
are taken at a nadir angle, TAUv is equal to Cos 0o or 1.0. For the COST method, TAUz is 
equal to the cosine of the solar zenith angle or Cos θo (Chavez, 1996). Therefore, the 
surface reflectance is calculated from equation 26 as: 
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= . 
(26) 
3.2 Comparison Methods 
Linear regression is used to determine the level of agreement between the two 
data sets. Surface reflectance values from each data set are plotted against each other and 
the regression statistics are calculated by Excel statistical analysis tool. In this study, we 
consider the adjusted Coefficient of Determination (R2) and the Standard Error (SE). 
The adjusted R2 value is determined from the Pearson product correlation 
coefficient as shown in equation 27, 
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where x and y are the sample means. The closer R2 is to 1.0, the closer the data is to the 
more linear the relationship between the two variables. Adjusted R2 value is then 
determined as shown in equation 28, 
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kn
nRR , 
(28) 
where n is the number of observations and k is the number of predictors. The adjusted R2 
value is used in this study due to the large number of predictors which may artificially 
raise the true goodness of fit between the data sets if the unadjusted R2 value is used. 
The SE is the square root of the variance of the regression coefficient. It is a 
measure of how much variation exists in the data points about the regression line. It is 
another indicator of the general agreement between the variables with a smaller SE 
indicating closer agreement. The SE is calculated as shown in equation 29, 
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(29) 
where n is the number of observations and k is the number of predictors. The adjusted R2 
value is used in this study due to the large number of predictors which may artificially 
raise the true goodness of fit between the data sets if the unadjusted R2 value is used. 
The SE is the square root of the variance of the regression coefficient. It is a 
measure of how much variation exists in the data points about the regression line. It is 
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another indicator of the general agreement between the variables with a smaller SE 
indicating closer agreement. The SE is calculated as shown in equation 30, 
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(30) 
where n is the number of observations. 
The results of the linear regression are examined for trends in the data over time. 
Trends in the data based on elevation gradient and vegetative density are also examined. 
Presence of trends in the correlation between the data sets may indicate a bias in the 
methodology used to derive the surface reflectance values. Trends are calculated using 
the non-parametric Mann-Kendall (MK) trend test. This analysis essentially determines if 
a set of values (y) are increasing or decreasing over time. Mann-Kendall analysis looks at 
the sums of the signs of the differences between successive data points and calculates a 
score or “S” statistic with the following properties: for S < 0 (values are decreasing over 
time); for S > 0 (values are increasing over time). The magnitude of the S-statistic is a 
measure of the strength of the trend. S values of + or – 100 indicate a statistically 
significant trend with a p value of < 0.05. This means the null hypothesis of no-trend in 
the data can be discarded with the risk of committing a Type II (rejection of a true null or 
H0) error at less than 5%. The MK S-statistic is calculated using equation 31, 
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= +=
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where n is the number of observations and yi (i = 1…n) is the value at time Ti and yj (j = 
1…n) is the value at time Tj (De Beurs and Henebry, 2005). These calculations are 
carried out in Excel using the XLSTAT add-in statistical application. This program 
generates the S statistic as well as the probability (p) value which is used to quantify the 
statistical significance of the trend. The p value is defined as the probability of obtaining 
a value of S equal or greater than the calculated value for n when no trend is present. The 
confidence factor (risk of rejecting a true null) is defined as (1-p)*100%.  
4.0 Results and Discussion 
This section presents the results obtained from our comparison of the surface 
reflectance values published in the USGS CDR data set and those surface reflectance 
values calculated using the simplified DOS method using the COST approach.  
4.1 Comparison of all data sets 
This study examined the surface reflectance data for 105 sample sites for 28 dates. 
This provides a total of 2,940 individual data pairs in each of the six reflective bands of 
the Landsat 5 TM sensor. Figure 11 shows the DOS and USGS derived data sets plotted 
against each other for each of the six reflective bands of the TM sensor. Table 8 
summarizes the results of comparison between all the data pairs for each band. 
Table 9 summarizes the means of the surface reflectance values by each method 
for each band and shows the difference in those mean reflectance values. We next 
provide a brief summary of the results of our comparison for each band. 
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For band 1, an adjusted R2 value of 0.9082 combined with a SE of only 1.17% 
suggests very strong agreement between the two methods. The mean value of the USGS 
data set is approximately 10% higher than the DOS derived reflectance mean value for 
band 1. This suggests the DOS technique is over estimating the atmospheric contribution 
to the at-sensor radiance measurement for the band 1 region (0.45 – 0.52 µm). 
Similar results are seen in bands 2, 3, 5, and 7 with very strong agreement in 
surface reflectance values derived by each method. Band 4 had the lowest agreement 
between the two methods. However, with an adjusted R2 value of 0.8602 combined with 
a SE of only 1.69% strong agreement exists between the two methods in this region also. 
 
Table 8 
Adjusted R2 and SE values for all data sets from 1984 through 2011 
Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
 
Adjusted R2 Values 
 
0.9082 0.9246 0.9341 0.8602 0.9667 0.9628 
 
SE Values 
 
0.0117 0.0132 0.0147 0.0169 0.0132 0.0149 
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Figure 11. Comparison of surface reflectance values all 105 sample sites for Landsat 
5 TM Bands 1, 2, 3, 4, 5, & 7. 
 
 
Table 9 
Mean values and difference between the means for each band 
TM Band 
Method 
∆ (%) DOS USGS 
1 0.078 0.100 10.05 
2 0.111 0.133 16.57 
3 0.136 0.148 8.40 
4 0.257 0.259 0.73 
5 0.248 0.256 3.42 
7 0.198 0.213 7.26 
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4.2 Comparison of data sets over time 
We next looked at the influence time has had on the different methods of deriving 
surface reflectance. Table 10 shows the trends in the adjusted R2 and SE values for 105 
sample sites in each band over the 28 year period from 1984 through 2011. Trends in the 
adjusted R2 values are statistically significant in each band except band 5. Band 5 was 
strongly correlated throughout the 28 years study period, and the trend is also positive for 
this region of the spectrum. 
This finding demonstrates that the agreement between the two methods has 
increased significantly over the time period of the study. This suggests that there is a 
difference in how the DOS and USGS methods accounted for variables such as sensor 
gain and offset. Several corrections to these values have taken place over the 28 year time 
span of this study. However, even though the agreement between the two methods has 
increased, the agreement in the early years of the study also showed R2 values or 0.9 or 
better. The variation in how the DOS and USGS methods calculate surface reflectance 
values are not sufficient to produce tangibly different results. 
 
Table 10 
Trends in adjusted R2 and values for all data sets from 1984 through 2011 
Trend Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
S 196 205 183 144 65 101 
p  <0.0001 <0.0001 0.0003 0.004 0.206 0.048 
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4.3 Comparison of data sets by Land Class 
Table 11 shows the results of the comparison between the USGS data set and the 
DOS derived surface reflectance for each of the top ten land cover classes present in the 
study area.  
 
Table 11 
Trends in adjusted R2 values for all data sets from 1984 through 2011 
Land Class Adjusted R2 Values 
 Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
3504 0.9347 0.9327 0.9357 0.8573 0.9449 0.9432 
4514 0.8764 0.8909 0.9220 0.7876 0.8787 0.8811 
5308 0.6546 0.7314 0.7840 0.5600 0.8308 0.8104 
5706 0.8682 0.8200 0.6909 0.2662 0.6598 0.5966 
4533 0.5951 0.6424 0.6320 0.5380 0.4558 0.4177 
3215 0.6401 0.4533 0.1735 0.5629 0.8646 0.5224 
5205 0.9518 0.9516 0.9309 0.8639 0.5513 0.7174 
1201 0.8072 0.4984 0.4870 0.2896 0.8075 0.7814 
4318 0.9482 0.9523 0.9511 0.8412 0.9653 0.9640 
4608 0.7182 0.8090 0.8577 0.7614 0.7755 0.8819 
  
There are 30 sample sites (3 for each land cover class), for each of the 28 years of 
the study providing a total of 840 data pairs for each band in this analysis. The results of 
this analysis shows that the correlation between the USGS data sets and the DOS 
methodology varies significantly based on land cover classification. While most of the 
data sets show good agreement, Land class 3215 (Sierra Nevada Cliff and Canyon) in 
particular shows poor correlation between the two methods for determining surface 
reflectance. This is especially true in Band 3 (Red) where there is significant scatter 
among the data points as shown in Figure 12. 
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Figure 12. Comparison of surface reflectance values Sierra Nevada Cliff and Canyon 
Land Class for Landsat 5 TM Band 3 (RED 0.63 – 0.69 µm).  
 
Sierra Nevada Cliff and Canyon land cover consist of rocky barren areas located 
in the foothills and sub alpine areas of the Sierra Nevada’s. Typically less than 10% of 
the surface contains any vegetative species. The geography consists of steep cliff faces, 
rock outcrops, canyon walls and some talus (SWReGAP 2003). This suggests that 
extreme topographic variation within individual pixels has an impact on the surface 
reflectance determinations between the two approaches. 
4.4 Comparison of data sets at elevation gradients 
Next, we examine the results of the comparison between the USGS data set and 
the DOS derived surface reflectance at each elevation from 1200 meters MSL to 3600 
meters MSL. There are 84 pairs of data at each elevation, (3 sites x 28 years). 
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Table 12 
Trends in adjusted R2 and values for all data sets by elevation 
Trend Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
S 90 86 47 90 8 2 
p  0.037 0.047 0.283 0.037 0.870 0.982 
 
Table 12 shows that the correlation between the USGS data sets and the DOS 
methodology increase with elevation. Trends in the adjusted R2 values in the SWIR and 
MWIR bands are not statistically significant and we can only infer that the USGS and 
DOS data sets show closer agreement at higher elevations from the positive S values. 
Although not statistically significant, the trends in the visible and NIR regions is strong 
suggesting closer agreement between the two surface reflectance methodologies at higher 
elevations. 
4.5 Comparison of data sets based on vegetative density 
Table 13 shows the results of the comparison between the USGS data set and the 
DOS derived surface reflectance for densely, medium, and sparsely vegetated sites. There 
are 700 pairs of data for each vegetative density, (25 elevations x 28 years).  This analysis 
indicates that the agreement between the USGS data and the DOS methodology declines 
with increasing vegetation density with the exception of band 7. Since the sparse areas 
have a higher absolute reflectance, the data shown here indicate correlation between the 
USGS data and the DOS data increases with absolute surface reflectance. 
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This observation is consistent with the previous finding for trends in the 
agreement between the two methods based on elevation gradient since vegetation density 
tends to decline at higher elevation; we observe the R2 value increase with elevation. 
 
Table 13 
Adjusted R2 and SE values for densely, medium and sparsely vegetated sites 
Vegetative  Adjusted R2 Values 
Density Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
Dense 0.7926 0.8507 0.8726 0.8356 0.9541 0.9394 
Medium 0.8080 0.8664 0.8683 0.8745 0.9548 0.9335 
Sparse 0.8853 0.8877 0.8931 0.9093 0.9770 0.9354 
 
4.6 Confidence Levels 
Multitemporal satellite imagery is impacted by several factors including changes 
in sensor response, sensor stability, atmospheric effects, and illumination effects 
(Vicente-Serrano et al., 2008).  Radiometric uncertainty for the TM data is approximately 
5% (Chander et al., 2009). 
The USGS surface reflectance data set has been assessed against MODIS surface 
reflectance data and found to be highly correlated with discrepancies between 2.2 to 3.5 
% (Feng et al., 2013). 
5.0 Summary and Conclusions 
This study compared the surface reflectance values published in the USGS 
Climate Data Record archive with surface reflectance calculated using a simple Dark 
Object Subtraction method. The ecologically sensitive Big Pine Creek watershed served 
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as the study site and 105 sample locations within that watershed were examined for 28 
dates in each of the six reflective bands of the Landsat 5 TM imager. Simple linear 
regression was used to compare the surface reflectance values determined by each 
method. In addition to looking at a complete comparison of all the data pairs, sample sites 
were analyzed based on land cover class, elevation, and vegetative density. Trends in the 
data over time and by elevation were also determined. 
The overall comparison of the two methods showed very close agreement in the 
surface reflectance values, with band 5 showing the closest agreement (adjusted R2 = 
0.9667) and band 4 shown the least (adjusted R2 = 0.8602). Mean surface reflectance 
values from the USGS CDR data set are generally higher than the values determined by 
the DOS method with band 2 showing the highest difference between the means 
(16.57%) while band 4 showed the least difference between the means (0.73%). The 
statistically significant positive trends in the level of agreement between the two 
methodologies over time suggests differences in the values used for the gains and offset 
values for the Landsat 5 TM sensor. These values were revised periodically to correct for 
changes in the radiometric response of the sensor over time or for improved calibration 
data sets (Chander and Markham, 2003). 
The greatest discrepancy between the two methodologies is found in comparisons 
of surface reflectance over the land class 3215 (Sierra Nevada Cliff and Canyon). This 
may be the result of the large topographical variations within individual pixels that can 
occur for this land cover class. While this one result makes it clear that discrepancies do 
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exist in the two methodologies, the primary conclusion we draw from the results of this 
study is that the USGS derived CDR data base shows good agreement with the data 
generated using previous methods. This suggests that the need to revisit past studies using 
the newly available surface reflectance data set would not result in new findings or 
altered conclusions. 
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Chapter 4: Vegetative response to climate change in the Big Pine Creek Watershed 
along a 2,500 meter elevation gradient using Landsat data 
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Abstract 
This paper presents a time series study of an alpine ecosystem in the Big Pine 
Creek watershed in California’s Eastern Sierra Nevada Mountain’s. Seventy five sample 
sites along a 2,500 meter elevation gradient are analyzed for trends in surface reflectance 
based on vegetative density using USGS data derived from Landsat imagery for the 1984 
through 2013 time frame. Three vegetative indices, NDVI, SAVI, and MSAVI2 as well as 
the Tasseled Cap transformations for Brightness (TCB), greenness (TCG), and wetness 
(TCW) are explored. We found that over the time period of the study, significant increases 
in vegetation are occurring at densely vegetated sites at almost all elevations within the 
watershed while less change and even some significant declines in vegetation are seen in 
moderately and sparsely vegetated sites. Sparsely vegetated sites show distinct 
bifurcation in their response with the lower elevations seeing declines and the upper 
elevations seeing increases in vegetation. Several sites show significant declines in both 
the visible and near infrared regions suggesting there are compositional changes taking 
place consistent with climate induced range shifts. This study provides a useful insight 
into the ecological response of the Big Pine Creek watershed to recent climate change. 
1.0 Introduction 
 Alpine ecosystems are crucial laboratories for the study of how changing climatic 
variables will impact local species assemblages. The steep elevation gradients in these 
regions provides for analysis of several ecotones within a small area. The biomes that 
inhabit these areas are particularly susceptible to changing environmental parameters 
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since many exist at the limits of their ranges (Lindner et al., 2010). While many studies 
have identified biotic response to climate change over large regions, the response at the 
local and individual ecosystem level are necessary to understand population dynamics 
that underlie range shifts (Opdam and Wascher, 2004; Gasner et al., 2010). 
 Existing research has focused on the response of individual species, often 
overlooking important biotic and abiotic interactions that drive community assembly. All 
the life forms within a local community interact with each other and their physical world 
forming a complex intricate fabric that identifies the characteristic traits of that 
assemblage. The predicted trend in climate induced range shifts is for increased 
extinctions at the warm boundaries and species expansions at the cold range limits 
(Opdam and Wascher, 2004). However, in alpine regions, the loss of space with elevation 
will lead upslope migrating species into a summit trap which will drive extinction rates 
higher (Wilson et al., 2005; Vittoz et al., 2013). 
 Since the response rate to altered environmental conditions varies among each 
member of the local assemblage, climate change will drive significant alteration of the 
interactions between the individual components and the overall functioning of the local 
community. Changes in the timing and availability of resources can have significant 
negative impacts on individual species survival rates while at the same time providing 
opportunities for competition to allow replacement species to prosper (Walther, 2010). 
An ongoing study of the Global Observation Research Initiative in Alpine Environments 
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(GLORIA) site in the European Alps demonstrates this process as species richness has 
shown a 12% increase in only a 10 year period (Salick et al., 2009). 
 Previous studies have examined the climate induced shift in range limits for 
species. Kelly and Goulden, (2008) found that the average elevation of the dominant 
plant species rose by about 65 meters over a 30 year period along an elevation gradient of 
2,314 meters in the Santa Rosa Mountains of Southern California. The study area 
consisted of arid to semi-arid regions dominated by desert scrub in the lower reaches, 
pinyon-juniper woodlands as you move upslope, followed by chaparral shrubland and 
conifer forest in the higher reaches. Total plant cover was stable over the study period. 
Half of the sample sites had modest increases while half showed modest declines (Kelly 
and Goulden, 2008).  
 However, while total cover was stable, species distribution showed significant 
change with an average elevation gain of 65 meters. This study found that instead of 
migration of new species into new territory, most of the observed changes were related to 
a shift in dominance within local assemblages (Kelly and Goulden, 2008). This is an 
important finding in that significant compositional changes were observed even though 
overall range limits were stable. Regional studies that focus on range shifts may miss 
important changes at the local community level. 
 Habitat density plays an essential role in determining the local response to climate 
change. Once the critical population for a specific resource falls below sustainment 
levels, a chain reaction can occur that fundamentally alters the composition and 
 
 
95 
 
 
functioning of the local grouping. Altered environmental parameters such as warmer 
temperatures or reduced moisture availability can leave individual species in a weakened 
state, allowing for rapid infestation of predator or competitor species. While natural 
selection can lead to the development of tolerance traits that enhance the survivability of 
individual species, this process will most likely take much longer than the changes to the 
habitat which are driving species extinction (Walther, 2010). 
 Spectral characteristics measured with remote sensing instruments such as the 
Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper (ETM+) 
enable us to analyze ecological properties of vegetation. Vegetation has characteristic 
spectral responses such as low red reflectance due to chlorophyll absorption and high 
near infrared (NIR) reflectance due to the reflectance of the internal structures of the 
canopy (Wessman, 1992). Changes in surface reflectance can thus be correlated with 
variation in vegetative cover and plant health. Since the constituents of the plants vary 
over their phenological cycle, it is also possible to identify the various stages of the cycle 
such as spring flowering and fall senescence. Changes in the timing of these cycles can 
serve as an indicator of climate change. 
Soil also demonstrates unique spectral characteristics depending on properties 
such as its moisture, organic matter content and texture (Jackson et al., 1986). Lower soil 
moisture content, a possible indicator of water stress in vegetation, would cause higher 
surface reflectance in the mid-wave infrared (MWIR) region that can be detected using 
Landsat data (Musick and Pelletier, 1988). Higher temperatures combined with lower 
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humidity levels will increase evapotranspiration resulting in less soil and vegetation 
moisture which will place additional burden on ecosystem vegetation. These effects are 
heightened in regions experiencing historic droughts such as the southwestern United 
States (Adams et al., 2009).  Jackson et al. (1986) found that plant water stress will 
decrease the NIR response while increasing the reflectance in the red region of the 
spectrum. In addition to altering the spectral reflectance properties of the vegetation, 
plant stress can alter the geometry of the plant through processes such as drooping or 
wilting, resulting in a higher soil fraction component of the response signal (Jackson et 
al., 1986). Todd and Hoffer (1998) found that reduced vegetation moisture content tends 
to increase visible and MWIR reflectance (Todd and Hoffer, 1998). 
Vogelmann et al. (2009) examined trends in spectral response in a time series 
study of the San Pedro Parks Wilderness area in New Mexico for the years 1992 through 
2006. Higher elevations were shown to be spectrally stable except for areas infested with 
western spruce budworm. Some of the lower elevation shrub regions had declines in their 
short-wave infrared (SWIR)/NIR ratios as did patches of conifer trees suffering from high 
mortality rates (Vogelmann et al., 2009). Loss of available moisture significantly impacts 
forest growth and overall ecosystem health (Williams et al., 2013). Higher temperatures 
may also promote pest infestation. Williams et al. (2013) found that bark beetle 
populations increased during warmer periods, especially in forests already suffering 
moisture deficits induced by higher temperatures. This study determined that maximum 
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temperature (TMAX) is an ideal surrogate for determining vapor pressure deficit induced 
forest stress (Williams et al., 2013).  
The ecological response to elevated temperatures and CO2 levels is complex and 
will be affected by other factors such as water and other nutrient resource availability. In 
cold alpine regions where water availability is not limiting, higher temperatures are 
expected to increase the habitable zones for several species, allowing for upslope 
migration and increased vegetative cover. In alpine regions, higher temperatures 
combined with increased atmospheric CO2 levels will increase photosynthesis resulting in 
increased biomass; provided other essential resources are not limited (Skre and Naess, 
1999). Conversely, where water is limited, higher temperatures will increase plant stress 
resulting in reduced vegetative cover (Chmura et al., 2011). 
In this study we explore ecosystem response to recent climate change by 
analyzing trends in surface reflectance across a 2,500 meter elevation gradient in an 
alpine watershed using time series analysis of Landsat surface reflectance data. We apply 
a statistical approach to determine the presence of trends in the data that would validate 
the hypothesis of increased biomass resulting from higher temperature and atmospheric 
CO2 levels in resource rich areas. Increased biomass is inferred by evidence of increased 
vegetative surface cover. We also look for evidence that species composition has been 
changing as evidenced by changes in the spectral fingerprint for each sample site over 
time. We present this information by first describing the study area and the data used in 
the analysis, we then discuss the research approach and methods used to collect and 
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process the data, followed by our results and conclusions. We hypothesize that sites with 
no resource limitations, (i.e. those nearest a water source), will show an increase in 
vegetative cover while sites with limited resources will show a decrease in the vegetative 
cover. We also hypothesize that sites at the limits of species ranges will show 
compositional change. 
2.0 Study Area and Data 
2.1 Study Area Description 
Figure 13 below shows the Big Pine Creek watershed located in California’s 
Eastern Sierra Mountains. Big Pine Creek is a major tributary to the Owens River which 
is a significant source of fresh water for Los Angeles. The Owens River valley straddles 
the Great Basin and Mojave deserts with vegetation consisting primarily of pine forests at 
higher elevations and xeric species at lower elevations. Areas bordering streams and the 
Owens River are primarily grass dominated meadows (Elmore et al., 2003).  Elevation 
within the watershed increases from East to West with the higher regions dominated by 
barren rock and woodlands with the lower regions dominated by mixed desert shrubs. 
The Big Pine Creek watershed ecosystem owes its existence to snow melt and 
melt-water from the Palisade Glacier. In addition to being the southern-most glacier in 
the United States, it is also the largest glacier in the Sierras with a surface area of 1.3 
km2.  It was formed about 3,200 years ago, reaching a maximum extent as recently as 170 
years ago (Bowerman and Clark, 2011).  It has been generally in retreat ever since. The 
Big Pine Creek watershed drainage area covers approximately 82 km2 and its average 
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flow is 1.8 m3/s. Measurements taken in the 1980’s indicate that the creek is a gaining 
stream at the lower elevations in contrast to most other Owens River tributaries which are 
losing streams (Kondolf, 1989). Since all of the living species within this watershed 
depend on the glacier and snow melt for their survival, the impact of temperature and 
precipitation variations on the biodiversity of the Big Pine Creek watershed is the focus 
of this study. 
 
 
Figure 13. Study area location showing the boundary of the Big Pine Creek 
watershed. 
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Figure 14. Sample Site Locations. 
 
Three sample sites were selected at each 100 meter elevation gradient from 1200 
meters above sea level (asl) at the base of the watershed to 3600 meters asl at the top. At 
each elevation, a densely vegetated site, a moderately vegetated site and a sparsely 
vegetated site were selected. Vegetation density at each elevation was determined by 
visual analysis of Google Earth satellite imagery. In general, the densely vegetated sites 
show surface cover exceeding 50%, the moderately vegetated sites had 10% to 50% 
surface cover and the sparsely vegetated sites were typically barren with less than 10% 
cover. The percentage vegetative cover closely correlated to the distance from a water 
source such as the Big Pine Creek, one of its tributaries, or one of the watershed lakes.  
 
 
101 
 
 
2.2 Data 
The data in this study includes Landsat surface reflectance data obtained from the 
USGS EarthExplorer website. The Landsat program has been providing earth observation 
remote sensing data to the scientific community for four decades. The first Landsat 
satellite was placed in orbit in 1972 with Landsat 7 remaining operational today. Landsat 
5 was only recently taken off-line. The latest generation satellite, Landsat 8, was 
launched on February 11th, 2013 and is now operational. Data for this study includes 
imagery from both the Landsat 5 TM and Landsat 7 ETM+ sensors.  
 
 
Table 14 
Summary of Landsat imagery used in this analysis 
Image Date Time Scene ID (Path/Row) 
 Image Date Time Scene ID (Path/Row) 
7/13/2013 10:28 42/34  7/30/1998 10:12 42/34 
7/28/2012 10:28 42/34  7/27/1997 10:04 42/34 
7/18/2011 10:22 42/34  7/24/1996 9:48 42/34 
7/31/2010 10:24 42/34  7/31/1995 9:31 41/34 
7/5/2009 10:16 41/34  7/3/1994 9:52 42/34 
7/25/2008 10:20 42/34  7/16/1993 9:56 42/34 
7/7/2007 10:27 42/34  7/29/1992 9:56 42/34 
7/13/2006 10:20 41/34  7/27/1991 9:57 42/34 
7/26/2005 10:15 41/34  7/8/1990 9:53 42/34 
7/30/2004 10:16 42/34  7/5/1989 9:34 42/34 
7/12/2003 10:10 42/34  7/2/1988 10:04 42/34 
7/25/2002 10:09 42/34  7/25/1987 9:52 41/34 
7/22/2001 10:14 42/34  7/29/1986 9:55 42/34 
7/19/2000 10:10 42/34  7/3/1985 9:57 41/34 
7/17/1999 10:11 42/34  7/7/1984 10:02 42/34 
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This surface reflectance data product for each of these imagers was obtained from 
the EarthExplorer web site operated by the United States Geological Survey 
(http://earthexplorer.usgs.gov/). Since the period of maximum leaf area index generally 
occurs in the mid-June to mid-August time frame (Gond et al., 1999), only imagery in the 
July time frame was considered for this analysis in order to minimize the impacts of the 
phenological cycle on the reflectance data. 
3.0 Research Approach and Methods 
3.1 Research Approach 
This study examines how the surface reflectance of the watershed has changed 
over the last 30 years. To determine if climate change impacts to the vegetation in the 
study area have already occurred, we look for trends in the data that indicate alteration of 
the vegetative composition, health, or quantity. Sample sites are selected at 100 meter 
elevation gradients to determine if there are specific elevations where changes are most 
likely to occur. This is accomplished by performing a time series trend analysis of the 
surface reflectance values in each of the six reflectance bands of the Landsat sensors. 
Trends in the environmental parameters of precipitation and temperature are performed to 
correlate observed surface reflectance changes to altered climatic parameters. 
3.2 Research Methods 
The research methodology consists of data collection; data processing; and 
statistical analysis. Each step is described below. 
3.2.1 Data Collection 
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In order to perform a temporal study comparing the physiological changes over 
time at each of the sample sites, surface reflectance values for each year of the study 
period were obtained from the USGS Climate Data Record (CDR) archive.  
3.2.2 Statistical Trend Analysis 
The non-parametric Mann-Kendall (MK) trend test is used to establish the 
presence of trends in the surface reflectance and meteorological data over the last 30 
years. This analysis essentially determines if a set of values (y) are increasing or 
decreasing over time. Mann-Kendall analysis looks at the sums of the signs of the 
differences between successive data points and calculates a score or “S” statistic with the 
following properties: for S < 0 (values are decreasing over time); for S > 0 (values are 
increasing over time). The magnitude of the S-statistic is a measure of the strength of the 
trend. For a sample size of 30, S values of ±111 indicate a statistically significant trend 
with a p value of < 0.05. This means the null hypothesis of no-trend in the data can be 
discarded with the risk of committing a Type II (rejection of a true null or H0) error at 
less than 5%. The MK S-statistic is calculated using (32) 
𝑆𝑆 = � � 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑦𝑦𝑗𝑗 −  𝑦𝑦𝑖𝑖)𝑛𝑛
𝑗𝑗=𝑖𝑖+1
𝑛𝑛−1
𝑖𝑖=1
 , (32) 
where n is the number of observations and yi (i = 1…n) is the value at time Ti and yj (i = 
1,…, n) is the value at time Tj (De Beurs and Henebry, 2005). Variance in the S statistic 
is calculated as 
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𝑉𝑉𝑉𝑉𝑉𝑉 (𝑆𝑆) =  𝑠𝑠(𝑠𝑠 − 1)(2𝑠𝑠 + 5)18 . (33) 
This variance assumes there are no tied pairs in the data. If tied pairs are identified, the 
software program applies a continuity equation which assumes a normal distribution for S 
with a zero mean. The variance is used to determine the probability (p) of obtaining a 
value of S greater than that calculated for the given number of data points when no trend 
is present. The probability statistic is determined from the Z score which is defined as: 
𝑍𝑍 =  
⎩
⎪
⎨
⎪
⎧
𝑆𝑆 − 1
�𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆)0
𝑆𝑆 + 1
�𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆) 
, for S > 0 
(34) , for S = 0 
, for S < 0 
 In addition to the trend statistic (S), Kendall’s tau (τ) is determined from the 
equation 
𝜏𝜏 =  𝑆𝑆𝑠𝑠(𝑠𝑠 − 1)2 , (35) 
where n is the number of observations. Kendall’s tau is similar to the correlation 
coefficient in linear regression. The magnitude of the trend is determined using the Sen’s 
slope estimation with confidence intervals defined as the upper and lower estimate for the 
mean value of the slope. Sen’s slope is determined by calculating the slope at each data 
point and taking the median of those slopes as the magnitude of the trend as shown; 
𝑆𝑆𝑆𝑆𝑠𝑠′𝑠𝑠 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑚𝑚𝑆𝑆𝑚𝑚𝑠𝑠𝑉𝑉𝑠𝑠 � 𝑦𝑦𝑗𝑗 −  𝑦𝑦𝑖𝑖
𝑇𝑇𝑠𝑠𝑚𝑚𝑆𝑆𝑗𝑗 −  𝑇𝑇𝑠𝑠𝑚𝑚𝑆𝑆𝑖𝑖�. (36) 
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These calculations are carried out in Excel using the XLSTAT add-in statistical 
application. This program generates the S statistic as well as the probability (p) value 
which is used to quantify the statistical significance of the trend. The confidence factor 
(risk of rejecting a true null) is defined as (1-p)*100%.   
3.2.3 Surface Reflectance Data 
USGS surface reflectance data is generated from a software package known as the 
Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS). The surface 
reflectance data is computed by applying an atmospheric correction to the raw Landsat 
imagery (USGS, 2013). This atmospheric correction uses the Second Simulation of a 
Satellite Signal in the Solar Spectrum (6S) radiative transfer model to account for various 
atmospheric column constituents including water vapor, ozone, and aerosol optical 
thickness (Masek et al., 2006). 
The LEDAPS process uses average daily lamp brightness history to obtain 
calibration coefficients based on acquisition date. These calibration coefficients are used 
to determine the at-sensor radiance values (Masek et al., 2006). The LEDAPS process 
converts at-sensor radiance to top-of-atmosphere (TOA) by an algorithm that 
incorporates solar irradiance derived from the MODTRAN model, bandpass, earth sun 
distance and solar zenith angle (Masek et al., 2006). The LEDAPS atmospheric 
correction assumes particle scattering and gaseous absorption can be decoupled (Masek 
et al., 2006). LEADAPS applies Moderate Resolution Imaging Spectroradiometer 
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(MODIS) atmospheric correction routines to Landsat data that correlates surface 
reflectance is with TOA reflectance using (37), 
𝜌𝜌𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑇𝑇𝑔𝑔(𝑂𝑂3,𝑂𝑂2,𝐶𝐶𝑂𝑂2,𝐸𝐸𝑂𝑂2,𝐶𝐶𝐶𝐶4) �𝜌𝜌𝑁𝑁+𝑇𝑇 + 𝑇𝑇𝑁𝑁+𝑇𝑇𝑇𝑇𝑔𝑔(𝐶𝐶2𝑂𝑂) 𝜌𝜌𝑆𝑆1 +  𝑆𝑆𝑁𝑁+𝑇𝑇𝜌𝜌𝑆𝑆� (37) 
where ρs is the surface reflectance, Tg is the gaseous transmission, TR+A is the Rayleigh 
and aerosol transmission, ρR+A is the Rayleigh and aerosol atmospheric intrinsic 
reflectance, and SR+A is the Rayleigh and aerosol spherical albedo (Masek et al., 2006).  
The 6S radiative transfer model is used to derive surface reflectance from (6) with 
the input of aerosol optical thickness (AOT), atmospheric pressure and water vapor. The 
Total Ozone Mapping Spectrometer (TOMS) carried by the Nimbus 7, Meteor 3 and 
Earth Probe satellites provides the ozone concentration data. For the 1994 through 1996 
time period when TOM’s data was unavailable, vertical sounder data from the National 
Oceanic and Atmospheric Administration (NOAA) was used. Rayleigh scattering is 
adjusted to local conditions using surface pressure data from NOAA’s National Center 
for Environmental Protection (NCEP) (Masek et al., 2006).  
This atmospheric correction methodology uses a dark dense vegetation procedure 
developed by Kaufman et al., (1997) to determine AOT from the imagery. This technique 
is based on the assumption of a linear relationship between surface reflectance in the 
visible bands and the surface reflectance in the short wave band (2.2 µm where surface 
reflectance is not affected by the atmosphere) based on the physical correlation between 
bound water absorption and chlorophyll absorption. Using this procedure to calculate 
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surface reflectance in the visible bands then allows for the determination of AOT by 
comparing the TOA reflectance to the surface reflectance. Since this technique only 
determines the AOT in the blue region, a continental aerosol model is used to determine 
AOT in the other spectral regions. The AOT, atmospheric pressure, ozone and water 
vapor data are then processed by the 6S model to convert TOA reflectance to surface 
reflectance (Masek et al., 2006).  
 The USGS CDR data set provides us with observed surface reflectance values for 
each of the six reflectance bands for all sample sites in each year of the study. In order to 
identify the effect of elevation on the ecosystem’s response to climate change, we 
examine trends in surface reflectance at 100 meter gradients from 1200 meters to 3600 
meters asl. Additional analysis is performed by examining trends based on vegetative 
density. We also examine relationships between the spectral bands by considering the 
trends in vegetation indices resulting from the surface reflectance data.  
Vegetation indices are often used to establish vegetation cover in remote sensing 
studies. We consider both ratio indices which analyze the large difference in the red and 
NIR bands characteristic of vegetation and weighted ratios which focus on physical 
parameters such as surface brightness, greenness and wetness. In this analysis we look at 
the following indices: 
Normalized Difference Vegetation Index (NDVI), defined as 
𝐸𝐸𝑁𝑁𝑉𝑉𝑁𝑁 =  𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅 , (38) 
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(Rouse at al., 1974), where ρNIR is the reflectance in band 4 and ρRED is the reflectance in 
band 3; Soil Adjusted Vegetation Index (SAVI), defined as 
𝑆𝑆𝑇𝑇𝑉𝑉𝑁𝑁 = (1 + 𝐿𝐿) 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅 + 𝐿𝐿 , (39) 
where L is a soil correction factor set at 0.5 (Huete, 1988); Modified Soil Adjusted 
Vegetation Index (MSAVI2), defined as 
𝑀𝑀𝑆𝑆𝑇𝑇𝑉𝑉𝑁𝑁2 = 2𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 1 −  �(2𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 1)2 − 8(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅)2  , (40) 
(Qi et al., 1994); and Tasseled Cap transformations for Brightness (TCB), Greenness 
(TCG), and Wetness (TCW) which are defined as 
𝑇𝑇𝐶𝐶𝐵𝐵 = 0.2043𝜌𝜌1 + 0.4185𝜌𝜌2 + 0.5524𝜌𝜌3 + 0.5741𝜌𝜌4 + 0.3124𝜌𝜌5 + 0.2303𝜌𝜌7, 
 
(41) 
𝑇𝑇𝐶𝐶𝐺𝐺 = −0.1603𝜌𝜌1 − 0.2819𝜌𝜌2 − 0.4934𝜌𝜌3 + 0.7940𝜌𝜌4 − 0.0002𝜌𝜌5 − 0.1446𝜌𝜌7, 
 
(42) 
𝑇𝑇𝐶𝐶𝑊𝑊 = 0.0315𝜌𝜌1 + 0.2021𝜌𝜌2 + 0.3102𝜌𝜌3 + 0.1594𝜌𝜌4 − 0.6806𝜌𝜌5 − 0.6109𝜌𝜌7, (43) 
  
where ρ1…7 is the reflectance in band 1 through band 7 respectively (Crist, 1985).  
4.0 Results and Discussion 
4.1 Spectral Trend Data 
Figure 15 summarizes the trends in surface reflectance data for densely vegetated 
sites by elevation gradient. These graphs demonstrate significant declines in the visible 
bands 1, 2, and 3 below the 2600 meter level. Declines in the visible bands are consistent 
with increased vegetation due to higher chlorophyll absorption. The near infrared, band 4, 
shows positive trends at most elevations. This finding is consistent with increased 
structural complexity at those sites as near infrared reflectance increases with increasing 
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surface structural features. The trends in band 5 reflectance are mixed with no consistent 
pattern. This spectral region is where the water absorption feature exists which means 
sites showing significant declines are indicative of higher water content from which we 
infer increased vegetation cover. In the band 7 region, most of the sites show declines 
regardless of elevation which is consistent with increased surface cover as this region is 
correlated with surface brightness. 
Figure 16 summarizes the trends in surface reflectance data for moderately 
vegetated sites by elevation gradient. These graphs demonstrate that for moderately 
vegetated sites, the most significant changes are taking place at the upper reaches of the 
watershed at the 3300 meter to 3600 meter asl elevations. Below that level, the trends do 
not show a distinct elevational dependency. However, in the band 5 and band 7 regions, 
the lower reaches of the watershed show decreased surface moisture along with increased 
surface brightness respectively. These findings are consistent with declines in vegetation 
for moderately vegetated sited below 1800 meters asl. 
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Figure 15. Trends in surface reflectance for densely vegetated sites. 
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Figure 16. Trends in surface reflectance for moderately vegetated sites. 
 
Although no clear elevational correlation is seen in the middle third of the study 
area (1900 meters to 2900 meters asl), several of the moderately vegetated sites show 
statistically significant changes with the data suggesting declining vegetation at the 2100 
 
 
112 
 
 
meter and 2900 meter asl sites and significant increases at the 1900 meter, 2200 meter, 
2500 meter, and 2800 meter asl sites. The variation in the individual band responses 
suggests compositional changes are also taking place. 
 
  
  
  
 
Figure 17. Trends in surface reflectance for sparsely vegetated sites. 
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Figure 17 summarizes the trends in surface reflectance data for sparsely vegetated 
sites by elevation gradient. These graphs demonstrate that for sparsely vegetated sites, 
there is a distinct bifurcation in spectral responses by elevation with increasing surface 
reflectance in the lower half of the watershed and decreasing reflectance in the upper half 
of the watershed for all six bands. There is a distinct transition range from 2200 meters to 
2400 meters asl where the increases in reflectance switch to declines.  
These findings suggest that in sparsely vegetated sites, vegetative surface cover is 
declining in the lower elevations while increasing at the higher elevations. The fact that 
the near infrared region response matches the visible response is consistent with a change 
in composition over the time period of the study. These findings support the hypothesis 
of upslope migration at the upper limits into newly habitable zones and an associated 
decline in population at the lower range limits where heat and moisture stressors are 
reducing habitability. 
Figure 18 shows the trends for vegetation indices and Tasseled Cap 
transformations for densely vegetated sites. These results suggest a nearly uniform 
increase in vegetation with the exception of the 3000 meter to 3400 meter asl zone. The 
three indices (NDVI, SAVI, and MSAVI2) along with the tasseled cap greenness 
transformation (TCG) show consistent patterns. The general declines in tasseled cap 
brightness (TCB) are also consistent with increased vegetative surface cover as are the 
general increases in tasseled cap wetness (TCW).  
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Figure 18. Trends in vegetation indices for densely vegetated sites. 
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These results mirror the trends in the spectral response. Both the spectral trends 
and the trends in the vegetation indices and transformations are consistent with a 
significant increase in vegetation throughout the study area in densely vegetated sites. 
This supports our hypothesis that sites without resource limitations, higher temperatures 
and CO2 levels will boost photosynthetic activity resulting in increased vegetation and 
biomass.  
The lack of change in the 3000 meter to 3400 meter asl zone is most likely due to 
unique characteristics of those sites and suggests that those locations lack the resources to 
take advantage of the increases temperature and CO2 levels. 
Figure 19 shows that for moderately vegetated sites, the vegetation indices and 
tasseled cap transformations do not indicate any significant patterns associated with 
elevation gradient. As with the trends in spectral response, these findings suggest an 
increase in vegetation at the higher elevations (above 2800 meters asl). The declines in 
the wetness values along with the increases in brightness values below 1800 meters asl 
suggest declining vegetative surface cover resulting from increased moisture stress at 
those sites. 
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Figure 19. Trends in vegetation indices for moderately vegetated sites. 
 
 The  strong declines at the 2100 meter asl site seen in the spectral response is also 
reflected in the trends in the vegetation indices while the evidence for significant declines 
at the 2900 meter asl site suggested by the spectral trend data are not evident in the 
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vegetation indices. For the sites where spectral trends suggest significant increases, (1900 
meter, 2200 meter, 2500 meter, and 2800 meter asl), trends in vegetation indices are not 
as significant. However, the tasseled cap brightness values for those sites do show 
significant declines suggesting increased ground cover. The fact that the vegetation 
indices do not coincide with the spectral response trends is consistent with a 
compositional change taking place at those sites. 
Figure 20 shows that in the sparsely vegetated sites, the trends in vegetation 
indices and tasseled cap transformations are not as distinct as the spectral response. While 
the brightness and wetness transform trends are in good agreement, the vegetative indices 
show a more varied response. For example, the spectral responses in the visible bands 
suggest a decline in vegetation in the lower reaches of the watershed while the vegetation 
indices suggest an increase.  
Since the near infrared response at the lower elevations is increasing, the 
structural complexity of the surface at these sites is increasing. These findings suggest 
that the compositions of the vegetation at the sites in the lower elevation are changing. 
The increase in TCB is consistent with a decline in overall surface cover in the lower 
elevations, while the decline in TCB is consistent with increased surface cover at the 
higher elevations. These data are consistent with the hypothesis of upslope migration 
suggested by the findings of the spectral response trend analysis for sparsely vegetated 
sites. 
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Figure 20. Trends in vegetation indices for sparsely vegetated sites. 
 
 
 
 
119 
 
 
  
Figure 21. Trends in surface reflectance and vegetation indices based on vegetative 
density. 
 
 Looking at trends in surface reflectance and vegetation indices based solely on 
vegetative density, we see clear differences in the responses. As Figure 21 demonstrates, 
densely vegetated sites show clear evidence of increases over the 30 year study period. 
Moderately and sparsely vegetated sites show no statistically significant change. This 
does not mean that change is not taking place at those sites, only that when averaged 
together, any changes are washed out. For example, with the sparsely vegetated sites, we 
observe declines in the lower half of the watershed and increases in the upper half. 
Therefore, when averaged across all sites, there appears to be no change. The primary 
finding from this comparison is that densely vegetated sites are seeing increased growth 
regardless of elevation. 
 The trends in surface reflectance and vegetative indices demonstrate significant 
changes are taking place across all regions of the watershed. Densely vegetated sites are 
seeing increases in growth at most elevation gradients with the exception of the 3000 
meter to 3400 meter asl zone. Meanwhile, the least vegetated sites are seeing a distinct 
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shift with increased vegetative cover in the upper half of the watershed and declines in 
the lower half of the watershed. Trends in the moderately vegetated sites do not show 
distinctive patterns based on elevation gradient. 
4.2 Meteorological Data 
Ecological changes we have identified in the Big Pine Creek watershed are 
consistent with warming temperatures. In our previous paper, we identified statistically 
significant increases across the study area in both the maximum temperature (TMAX) and 
minimum temperature (TMIN). Looking at monthly trends, we found that for the maximum 
temperatures, the largest increases are taking place in the summer with smaller increases 
in the winter. Higher temperatures are an important factor in driving ecological changes 
since all biological processes are at their essence chemical reactions and increased 
temperatures will increase reaction rates. Increased biological activity can alter vegetative 
composition by changing the availability essential nutrients. Some nutrients will be more 
available through faster litter breakdown while some nutrients will be consumed at faster 
rates. This change in resource availability will drive changes in species composition to 
those species that are better suited to the new environmental conditions and resource 
make-up (Sawyer and Stephen, 2014). 
Precipitation and Big Pine Creek stream flow trends were also examined to 
determine if the moisture deficit conditions were impacting ecological responses over the 
study period. Here we found that although there was a slight decline in precipitation in 
the watershed, stream flow was slightly increasing which is consistent with warmer 
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temperatures increasing the melt water contribution to the stream flow from the Palisade 
glacier (Sawyer and Stephen, 2014). In addition to driving biological activity, higher 
temperatures will also increase evapotranspiration. This will reduce moisture availability 
and stress vegetative species, especially those that are not drought tolerant.  
For the monthly minimum temperature trends, we see the largest increases are 
taking place in the summer and fall with smaller increases in the winter and spring. What 
these data demonstrate is that the summers are getting warmer and the winters are getting 
milder. This is an important finding since as discussed earlier, warmer summers will 
increase evapotranspiration during the dry season, increasing potential water stress in the 
vegetation. Milder winters will also result in reduced water storage capacity as less 
precipitation will fall as snow, which also results in reduced water supplies in the 
warmest time of the year (Sawyer and Stephen, 2014). The seasonal trends found in this 
analysis closely align with future climate regimes predicted by general circulation models 
showing milder wetter winters and hotter drier summers (Lenihan et al., 2003). Lenihan 
et al. (2003) show that these future climate scenarios can produce shifts in the vegetative 
composition (Lenihan et al., 2003). In particular, their biological distribution model 
simulations suggest a shift from shrubs to grasslands under these conditions (Lenihan et 
al., 2003). The temperature trends demonstrate that the Big Pine Creek watershed is at 
heightened risk from climate change and highlight the need to develop strategies to adapt 
to the new climate paradigm. 
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4.3 Confidence Levels 
Multitemporal satellite imagery is impacted by several factors including changes 
in sensor response, sensor stability, atmospheric effects, and illumination effects 
(Vicente-Serrano et al., 2008).  Geometric pixel registration errors are generally less than 
½ pixel (Schueler and Salomonson, 1985). Radiometric uncertainty for the TM data is 
approximately 5% (Chander et al., 2009). The USGS surface reflectance data set has been 
assessed against MODIS surface reflectance data and found to be highly correlated with 
discrepancies between 2.2 to 3.5 percent (Feng et al., 2013). 
5.0 Summary and Conclusions 
 This study examined the changes in the ecosystem of the Big Pine Creek 
watershed as measured by trends in observed surface reflectance values along a 2500 
meter elevation gradient at 75 sample sites over a 30 year time span from 1984 through 
2013. Densely vegetated sites demonstrated significant increases in vegetative growth as 
evidenced by both declines in visible reflectance and increases in vegetative indices. 
Sparsely vegetated sites show a distinctive response pattern with vegetation increasing in 
the upper half of the watershed and declining in the lower half. Moderately vegetated 
sites show a mixed response with a few sites experiencing significant increases and a few 
showing significant declines. No elevation dependent pattern was evident for moderately 
vegetated sites. 
Based on the findings of this study, we conclude that for densely vegetated sites, 
(those nearest permanent water sources), increased temperatures are driving increased 
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vegetative growth with little evidence of compositional change. At sparsely vegetated 
sites, (those farthest from permanent sources of water), vegetation is moving upslope. At 
the upper reaches of the watershed, warmer temperatures are increasing the habitable 
zone for these sites while at the lower reaches, increased temperatures are driving an 
alteration of vegetative composition towards more drought tolerant species. The mixed 
responses seen at the moderately vegetated sites appear to be site specific with changes 
dictated by local conditions. 
To determine what is driving the changes in vegetative surface cover, we 
examined trends in the environmental parameters of precipitation and temperature. 
Average monthly minimum and maximum temperatures show statistically significant 
upward trends (Sawyer and Stephen, 2014). Increased temperatures support increased 
photosynthetic activity as long as that process is not limited by other factors such as lack 
of water availability. In areas without water or other nutrient resource limitations, these 
conditions are conducive for increased vegetative surface cover resulting in stronger 
absorption in the visible region of the spectrum.  
This study has clearly identified numerous changes taking place in the Big Pine 
Creek watershed over the last 30 years. Many of these changes are consistent with 
previous research related to climate change impacts on montane habitats. While this 
study has identified coarse trends in vegetative response, more detailed analysis of 
individual study sites is needed to both validate the findings from this study as well as to 
delineate the specific compositional changes that are occurring. Identifying how the 
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individual components of each sample site have responded to altered environmental 
parameters will provide critical information on the ecological response to climate change 
in Alpine environments. 
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Chapter 5: Surface Cover Spectra of the Big Pine Creek Watershed 
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Abstract 
This paper presents a set of spectral reflectance data of numerous surface cover 
types of the Big Pine Creek watershed in California’s Eastern Sierra Nevada Mountains. 
Ground cover vegetative types include several samples of deciduous broad leaf and 
narrow leaf trees, needle leaf conifers, sages, and needle leaf and broad leaf shrubs. In 
addition, several litter samples as well as soil and rock spectra are presented. Samples 
were collected in July 2014 and analyzed in the laboratory using a 0.35 to 2.5 µm 
Advanced Spectral Devices (ASD) Flexscan spectroradiometer. 
1.0 Introduction 
 Alpine ecosystems are crucial laboratories for the study of how changing climatic 
variables will impact local species assemblages. The steep elevation gradients in these 
regions provides for analysis of several ecotones within a small area. The biomes that 
inhabit these areas are particularly susceptible to changing environmental parameters 
since many exist at the limits of their ranges (Lindner et al., 2010). Since alpine ecotones 
represent bioclimatic transitions, species compositional change is high and susceptible to 
slight alteration in bioclimatic regimes (Grabherr et al., 2010). Our ability to identify 
where changes are taking place in these sensitive regions depends upon our ability to 
exploit existing data sets such as the Landsat Climate Data Record. Understanding the 
spectral characteristics of the surface cover constituents is essential to being able to 
identify changes at the local vegetative assembly scale. 
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 Spectral characteristics measured with remote sensing instruments such as the 
Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper (ETM+) 
enable us to analyze ecological properties of vegetation. Vegetation has characteristic 
spectral responses such as low red reflectance due to chlorophyll absorption and high 
near infrared (NIR) reflectance due to the reflectance of the internal structures of the 
canopy (Wessman, 1992). Changes in surface reflectance can thus be correlated with 
variation in vegetative cover and plant health.  
Soil also demonstrates unique spectral characteristics depending on properties 
such as its moisture, organic matter content and texture (Jackson et al., 1986). Lower soil 
moisture content, a possible indicator of water stress in vegetation, would cause higher 
surface reflectance in the mid-wave infrared (MWIR) region that can be detected using 
Landsat data (Musick and Pelletier, 1988). Remote sensing using multispectral imagers 
such as the Landsat series provide a wealth of data that can be used to monitor for 
changes in the environment. Large scale regional change is clearly evident from the 30 
meter resolution imagery these instruments provide. However, at this resolution, 
important details within each pixel remain hidden. For remote sensing applications, 
unless the image is over human controlled agricultural plots, most Landsat image pixels 
will include several components that cannot be discerned from the raw data. This 
necessitates the use of spectral unmixing techniques such as spectral mixture analysis 
(SMA). With SMA, the radiance measured in each pixel by the sensor in each wave band 
is composed of a mixture of reflectance exitance given off by each of the individual 
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components within that pixel. Studies performing subpixel analysis of Landsat imagery 
often make use of generic spectral libraries of various vegetative species to identify 
spectral endmembers that make up the constituents of each pixel.   
This study is designed to provide a spectral library of the vegetative and other 
ground cover types present within the Big Pine Creek watershed. Spectral response data 
of numerous vegetative samples in addition to several litter, soil, and rock samples are 
presented. Sample collection and analysis procedures are explained and the full spectrum 
reflectance data are provided for each sample. The field collected spectra developed in 
this study allow us to decompose the individual spectral components present with each 
Landsat pixel. From this data, we can then identify the fractional cover of individual 
species present within each pixel and analyze how those fractions have trended over time. 
This information can then be used to assess the impact recent climate variations have had 
on the Big Pine Creek ecosystem.  
This research has the added benefit of providing the scientific community with 
samples of reflectance data commonly encountered in desert and montane environments. 
Although the samples were obtained from a specific watershed in the Eastern Sierra 
Nevada Mountains of California, most of the species are ubiquitous throughout the inter-
mountain and great basin regions of the western United States.  
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2.0 Study Area and Sample Description 
2.1 Study Area Description 
Figure 22 below shows the Big Pine Creek watershed located in California’s 
Eastern Sierra Mountains. Big Pine Creek is a major tributary to the Owens River which 
is a significant source of fresh water for Los Angeles. The Owens River valley straddles 
the Great Basin and Mojave deserts with vegetation consisting primarily of pine forests at 
higher elevations and xeric species at lower elevations. Areas bordering streams and the 
Owens River are primarily grass dominated meadows (Elmore et al., 2003).  Elevation 
within the watershed increases from East to West with the higher regions dominated by 
barren rock and woodlands with the lower regions dominated by mixed desert shrubs. 
The Big Pine Creek watershed ecosystem owes its existence to snow melt and 
melt-water from the Palisade Glacier. In addition to being the southern-most glacier in 
the United States, it is also the largest glacier in the Sierras with a surface area of 1.3 
km2.  It was formed about 3,200 years ago, reaching a maximum extent as recently as 170 
years ago (Bowerman and Clark, 2011).  It has been generally in retreat ever since. The 
Big Pine Creek watershed drainage area covers approximately 82 km2 and its average 
flow is 1.8 m3/s.  
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Figure 22. Study area location showing the boundary of the Big Pine Creek 
watershed 
 
2.2 Sample Collection 
The Big Pine Creek watershed consists of mostly undeveloped rugged terrain 
within the Inyo National Forest. Due to the remoteness and steep gradients, performing 
the spectral measurements in the field was not practical. Therefore, the vegetative and 
other surface constituent samples were collected and placed in sealed plastic bags and 
placed on ice for shipment to the lab. Samples were selected by choosing the top two or 
three vegetative surface cover types at each site along with a litter or soil sample when 
practical. Figure 23 shows the locations of each sample site within the watershed. Table 
fifteen provides the geographic coordinates and elevations of each site. 
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2.3 Sample Analysis 
All of the samples were analyzed within two hours of their arrival at the 
laboratory. Analysis was performed using an ASD 0.35 – 2.5 µm VNIR-SWIR Flexscan 
Spectroradiometer (S/N 16232). Composite spectra of each species as well as combined 
composite spectra for each type were developed by first averaging the spectra of each 
species and then averaging the composites. These data are presented in section 3. 
 
 
 
Figure 23. Sample Site Locations 
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Table 15 
Sample Site Locations 
Sample 
Site ID Latitude (N) Longitude (W) 
Elevation                 
(M MSL) 
Sample 
Site ID Latitude (N) Longitude (W) 
Elevation                 
(M MSL) 
1 37.1675 -118.2657 1201 16 37.1274 -118.4024 2198 
2 37.1676 -118.2714 1201 17 37.1275 -118.4044 2208 
3 37.1567 -118.3070 1294 18 37.1279 -118.4231 2296 
4 37.1516 -118.3251 1397 19 37.1240 -118.4340 2389 
5 37.1435 -118.3187 1402 20 37.1221 -118.4421 2408 
6 37.1433 -118.3172 1403 21 37.1256 -118.4442 2495 
7 37.1426 -118.3274 1460 22 37.1232 -118.4449 2502 
8 37.1370 -118.3326 1509 23 37.1328 -118.4485 2603 
9 37.1372 -118.3359 1598 24 37.1358 -118.4529 2702 
10 37.1258 -118.3499 1707 25 37.1358 -118.4653 2799 
11 37.1264 -118.3541 1798 26 37.1359 -118.4675 2836 
12 37.1294 -118.3471 1805 27 37.1357 -118.4703 2899 
13 37.1252 -118.3788 2009 28 37.1290 -118.4820 3005 
14 37.1253 -118.3922 2100 29 37.1305 -118.4863 3099 
15 37.1246 -118.3923 2105 30 37.1238 -118.5002 3198 
 
3.0 Data Results 
This section presents the results of the sample collection and spectral analysis. 
The samples collected in this study were for the purpose of performing an analysis of the 
surface reflectance of the study area and how the reflectance has trended over the last 
three decades. Endmember spectra were collected from a broad sample of surface cover 
types at 30 sample sites located throughout the watershed. At each site, three to four 
samples of the predominant surface covers were collected for analysis. Sample cover 
types include six categories of photosynthetic vegetation, litter, and barren surface. 
3.1 Photosynthetic Vegetation 
Photosynthetic vegetation is categorized as trees (three types) or shrubs (three 
types). The three types of trees include broad leaf, narrow leaf, and needle leaf. The three 
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shrub types include sages, broad leaf shrubs and needle leaf shrubs. Sedges were also 
analyzed and categorized as needle leaf shrub for this analysis. 
3.1.1 Trees 
3.1.1.1 Broad Leaf Trees 
Broad leaf tree samples collected include Cottonwood (Hibiscus tilliaceus), Red 
Birch (Betula occidentalis), California Poplar (Populus trichocarpa), Aspen (Populus 
tremuloides), and Black Oak (Quercus kelloggii). Figure 24 shows the composite spectra 
of each species and a combined composite of all broad leaf tree species. The red data 
points represent the spectral values at the midpoint of the Landsat 5 TM spectral bands. 
 
 
 
a. Combined full spectrum composite 
 
b. Full Spectrum composite of all species 
Figure 24. Composite broad leaf tree spectra; full VNIR-SWIR. 
 
3.1.1.2 Narrow Leaf Trees 
Narrow leaf tree samples collected include Willow (Salix sp.), Sandbar willow 
(Salix exigua), and California Coffeeberry (Frangula californica ssp. cuspidata). Figure 
25 shows the composite spectra of each species and a combined composite of all narrow 
 
 
140 
 
 
leaf tree species. The red data points represent the spectral values at the midpoint of the 
Landsat 5 TM spectral bands. 
 
 
a. Combined full spectrum composite 
 
b. Full Spectrum composite of all species 
Figure 25. Composite narrow leaf tree spectra; full VNIR-SWIR. 
 
3.1.1.3 Needle Leaf Trees 
Needle leaf tree samples collected include Yellow Pine (Pinus sp.), White Pine 
(Pinus sp.), and California Lodgepole Pine (Pinus contorta var. murrayana). Figure 26 
shows the composite spectra of each species and a combined composite of all needle tree 
species. The red data points represent the spectral values at the midpoint of the Landsat 5 
TM spectral bands. 
3.1.2 Shrubs 
Three broad categories of shrubs were sampled including sages, needle leaf 
shrubs and broad leaf shrubs. Sedges are grouped with the needle lead shrubs. 
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a. Combined full spectrum composite 
 
b. Full Spectrum composite of all species 
Figure 26. Composite needle leaf tree spectra; full VNIR-SWIR. 
 
3.1.2.1 Sages 
Four sage types were identified in this study, Sagebrush (Artemisia sp.), Black 
Sagebrush (Artemisia nova), Big Sagebrush (Artemisia tridentata), and Low Sagebrush 
(Artemisia arbuscula). Figure 27 shows the composite spectra of each species and a 
combined composite of all sage shrub species. The red data points represent the spectral 
values at the midpoint of the Landsat 5 TM spectral bands. 
 
 
a. Combined full spectrum composite 
 
b. Full Spectrum composite of all species 
Figure 27. Composite sage shrub spectra; full VNIR-SWIR. 
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3.1.2.2 Broad Leaf Shrubs 
Five broad leaf shrub species were identified in this study, Curlleaf Mountain-
Mahogany (Cercocarpus ledifolius), Desert peach (Prunus andersonii), Greenleaf 
manzanita (Arctostaphylos patula), Borage (Mertensia oblongifolia), and California Lilac 
(Ceanothus spinosus). Figure 28 shows the composite spectra of each species and a 
combined composite of all broad leaf shrub species. The red data points represent the 
spectral values at the midpoint of the Landsat 5 TM spectral bands.  
 
 
a. Combined full spectrum composite 
 
b. Full Spectrum composite of all species 
Figure 28. Composite broad leaf shrub spectra; full VNIR-SWIR. 
 
3.1.2.3 Needle Leaf Shrubs 
Eight needle leaf shrub species were identified in this study including, 
Rabbitbrush (Chrysothamnus (Ericameria)), Greasewood (Sarcobatus vermiculatus), 
Tumbleweed (Kali Tragus), Bitterbrush (Purshia tridentata), Green Ephedra (Ephedra 
viridis), Sulphur Flower (Eriogonum umbellatum), Buckwheat (Eriogonum sp.), and 
Sedge (Carex sp.). Figure 29 shows the composite spectra of each species and a 
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combined composite of all needle leaf shrub species. The red data points represent the 
spectral values at the midpoint of the Landsat 5 TM spectral bands.  
 
 
a. Combined full spectrum composite 
 
b. Full Spectrum composite of all species 
Figure 29. Composite needle leaf shrub spectra; full VNIR-SWIR. 
 
 
3.2 Litter 
A total of fourteen litter samples were collected. Figure 30 shows the composite 
spectra of all litter samples. The red data points represent the spectral values at the 
midpoint of the Landsat 5 TM spectral bands.  
 
 
 
Figure 30. Composite litter spectra; full VNIR-SWIR. 
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3.3 Barren Surface Cover 
Barren surface cover includes seven soil and eight rock samples. 
3.3.1 Soil 
A total of seven soil samples were collected. Figure 31 shows the composite spectra 
of all soil samples. The red data points represent the spectral values at the midpoint of the 
Landsat 5 TM spectral bands. 
 
 
a. Combined full spectrum composite 
Figure 31. Composite soil spectra; full VNIR-SWIR. 
 
3.3.2 Rocks 
A total of eight rock samples were collected. Figure 32 shows the composite spectra 
of all rock samples. The red data points represent the spectral values at the midpoint of the 
Landsat 5 TM spectral bands. 
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a. Combined full spectrum composite 
Figure 32. Composite rock spectra; full VNIR-SWIR. 
 
4.0 Discussion 
4.1 Field Collected Endmember spectra 
A total of 116 surface cover samples located throughout the study area were 
collected in situ during July 2014 including three to four samples from each of the 30 
sample sites used in this study. The surface cover types are classified as either 
photosynthetic vegetation (PV), non-photosynthetic vegetation (NPV), or barren surface. 
There were six broad categories of PV present: broad leaf trees; narrow leaf trees; needle 
leaf trees; sage bush; broad leaf shrubs; and needle leaf shrubs.  
 Figure 33 shows examples of the three tree sample types collected and how the 
samples looked as they were being analyzed in the lab. The three shrub types are shown 
in Figure 34. 
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Figure 33. Samples of study area trees; a - Populus tremuloides, b - Salix sp. and c - 
Pinus sp. 
 
 
 
a. Broad leaf (Aspen - Populus tremuloides) 
 
Broad leaf sample as analyzed in the lab 
 
b. Narrow leaf (Willow - Salix sp.) 
 
Narrow leaf sample as analyzed in the lab 
 
c. Needle leaf (Pine - Pinus sp.) 
 
Needle leaf sample as analyzed in the lab 
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Figure 34. Samples of study area shrubs; a - Artemisia tridentata, b - Carex sp. and c 
- Arctostaphylos paula. 
 
Most of the vegetation spectra have the characteristic vegetation spectral curve 
shape with subtle differences in amplitude and where specific peak reflectance’s are 
 
a. Sage (Big sage -  Artemisia tridentata ) 
 
Sage sample as analyzed in the lab 
 
b. Needle leaf shrub (Sedge - Carex sp.) 
 
Needle leaf shrub sample as analyzed in the lab 
 
c. Broad leaf shrub (Manzanita - 
Arctostaphylos paula) 
 
Broad leaf shrub sample as analyzed in the lab 
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present which are unique to individual species. One exception was one of the desert 
peach samples. This is most likely a result of the sampling methodology in which the 
spectral analyzer fore optics captured more of the stem than the leaf. This resulted in 
flattened spectra. Another outlier was the Buckwheat sample which produced unique 
spectra, especially in the visible bands that are distinctly different from all the other 
shrubs. 
5.0 Summary and Conclusions 
 This paper presents VNIR-SWIR 0.35 µm – 2.5 µm spectra of numerous 
vegetative, litter and barren surface cover types from the Big Pine Creek watershed. The 
spectra were analyzed in the lab using an ASD Flexscan Spectroradiometer. Composite 
spectra for the full VNIR-SWIR for each predominant surface cover type were presented. 
All of the individual sample spectra are available for download from google drive (Big 
Pine Creek Surface Cover Spectra.docx).The raw spectral data from each sample are also 
available for download on google drive (sample site VNIR-SWIR spectra). 
 The data presented in this paper are intended for public use in the analysis of 
remote sensed imagery. The spectra can be used to assist analysts in the identification of 
surface features, especially in remote areas that do not have historical surface cover 
composition data. Litter and soil samples are provided as these surface cover types will 
account for a significant percentage of any remote sensed image. Field collected spectra 
are important elements of successful spectral unmixing studies of remote areas. These 
studies can take advantage of the more than three decades of continuous Landsat data 
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covering the globe to identify changes taking place in our environment that pose 
significant challenges to sustainability.  
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Chapter 6: Ecological response to climate change in the Big Pine Creek watershed 
from trend analysis of vegetation indices and spectral mixture analysis 
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Abstract 
Changing climatic regimes can have significant impacts on vegetative assemblies, 
especially where species exist near their habitat limits. Understanding how recent 
changes in environmental parameters, such as temperature and precipitation, have 
impacted sensitive ecosystems is essential to our ability to adapt to these new regimes 
and to mitigate their negative consequences.  This paper presents a time series study of 
vegetative composition change in an alpine ecosystem in the Big Pine Creek watershed in 
California’s Eastern Sierra Nevada Mountain’s. Thirty sample sites were examined to 
identify changes in surface cover over the last thirty years. This is accomplished by 
examining trends in vegetation indices, tasseled cap transformations, and surface 
composition derived from spectral mixture analysis. These results are used to establish 
the relationship between trends in spectral reflectance and changes in vegetative 
composition. Applicability of vegetative indices and tasseled cap transformations in trend 
analysis is validated against numerous surveyed sample sites. Comparing spectral 
mixture analysis trends in vegetative cover, trends in vegetation indices and trends in 
tasseled cap transformations, we found the tasseled cap brightness index showing the 
highest level of agreement with the red-shift theory (90%) while trends in vegetation 
cover using spectral mixture analysis showed the lowest agreement with red-shift theory 
of vegetation cover. The highest levels of agreement between spectral mixture analysis 
trends and vegetative cover predicted by red-shift theory occur with red-shift upward 
translation and red-shift downward translation predictions at 75% and 63% agreement 
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respectively, while agreement levels for the vegetation indices are at their lowest for 
these two theories. While the vegetative indices and tasseled cap transforms perform 
remarkably well for simple cases of red-shift stretch and red-shift compression, when 
analyzing the more complex case of red-shift translation one should consider using 
spectral mixture analysis to increase the confidence level of the findings. 
1.0 Introduction 
 Alpine ecosystems are crucial laboratories for the study of how changing climatic 
variables will impact isolated species assemblages. The steep elevation gradients in these 
regions encompass several ecotones within a small area. The biomes that inhabit these 
areas are particularly susceptible to changing environmental parameters since many exist 
at the limits of their ranges (Lindner et al., 2010). Since alpine ecotones represent 
bioclimatic transitions, species compositional change is high and susceptible to slight 
alteration in bioclimatic regimes (Grabherr et al., 2010). While many studies have 
identified biotic response to climate change over large regions, the response at the local 
and individual ecosystem level are necessary to understand population dynamics that 
underlie range shifts (Opdam and Wascher, 2004; Gasner et al., 2010). 
 Existing research has focused on the response of individual species, often 
overlooking important biotic and abiotic interactions that drive community assembly. All 
the life forms within a local community interact with each other and their physical world 
forming a complex intricate fabric that identifies the characteristic traits of that 
assemblage. The predicted trend in climate induced range shifts is for increased 
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extinctions at the warm boundaries and species expansions at the cold range limits 
(Opdam and Wascher, 2004). However, in alpine regions, the loss of space with elevation 
will lead upslope migrating species into a summit trap which will increase extinction 
rates (Wilson et al., 2005; Vittoz et al., 2013). 
 Since the response rate to altered environmental conditions varies among each 
member of the local assemblage, climate change will drive significant alteration of the 
interactions between the individual components and the overall functioning of the local 
community. Since alpine vegetation tends to be long lived, (Grabherr et al., 2010), 
changes in the timing and availability of resources can have significant negative impacts 
on individual species survival rates while at the same time providing opportunities for 
competition to allow replacement species to prosper (Walther, 2010).  
The ecological response to elevated temperature and CO2 levels is complex and 
will be affected by other factors such as water and other nutrient resource availability. In 
cold alpine regions where water availability is not limiting, higher temperatures are 
expected to increase the habitable zones for several species, allowing for upslope 
migration and increased vegetative cover. Higher temperatures combined with increased 
atmospheric CO2 levels will increase photosynthesis resulting in increased biomass; 
provided other essential resources are not limited (Skre and Naess, 1999). Conversely, 
where water is limited, higher temperatures will increase plant stress resulting in reduced 
vegetative cover (Chmura et al., 2011). 
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Spectral characteristics measured with remote sensing instruments such as the 
Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper (ETM+) 
enable us to analyze ecological properties of vegetation. Vegetation has characteristic 
spectral responses such as low red reflectance due to chlorophyll absorption and high 
near infrared (NIR) reflectance due to the reflectance from the internal structures of the 
canopy (Wessman, 1992). Soil also demonstrates unique spectral characteristics 
depending on properties such as its moisture, organic matter content and texture (Jackson 
et al., 1986). Lower soil moisture content, a possible indicator of water stress in 
vegetation, would cause higher surface reflectance in the mid-wave infrared (MWIR) 
region that can be detected using Landsat data (Musick and Pelletier, 1988).  
Remote sensing using multispectral imagers such as the Landsat instruments 
provide a wealth of data that can be used to monitor for changes in the environment. 
Large scale regional change is clearly evident from the 30 meter resolution imagery these 
instruments provide. However, at this resolution, important details within each pixel 
remain hidden. For remote sensing applications, unless the image is over human 
controlled agricultural plots; most Landsat image pixels will include several components 
that cannot be discerned from the raw data. For each pixel, the radiance measured by the 
sensor in each wave band is composed of a mixture of reflectance energies given off by 
each of the individual components within that pixel. 
 In order to elicit the sub-pixel information needed to assess vegetative 
composition change, we need to employ spectral mixture analysis (SMA). The basic 
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theory of SMA is that in any given pixel, a limited number of dominant components 
contribute the overwhelming majority of the radiance measured by the sensor. These 
components are called endmembers (EM). The simplest SMA technique is called Linear 
Spectral Mixture Analysis (LSMA). For LMSA, the fractional coverage of each EM is 
proportional to its contribution the overall radiance value of the pixel. This can be 
expressed mathematically using equation (44), 
𝑅𝑅𝑖𝑖 = �𝑓𝑓𝑘𝑘𝑅𝑅𝑖𝑖𝑘𝑘 + 𝑆𝑆𝑖𝑖𝑛𝑛
𝑘𝑘=1
 (44) 
where Ri is the spectral reflectance for band i of a pixel, fk is the fraction of endmember k 
within the pixel, Rik is the known spectral reflectance of endmember k within that pixel in 
band i, ei is the error for band i, and n is the number of endmembers in the pixel (Lu et 
al., 2004). LMSA can be used to unmix pixel spectra from both multi spectral and 
hyperspectral data (Tompkins et al, 1997). Two methods for solving for fk have been 
used; constrained and unconstrained. In the constrained method, sum of the fractions 
must equal 1 as shown in equation (45) (Lu et al., 2004). 
�𝑓𝑓𝑘𝑘 = 1𝑛𝑛
𝑘𝑘=1
 𝑉𝑉𝑠𝑠𝑚𝑚 0 ≤ 𝑓𝑓𝑘𝑘 ≤ 1 (45) 
In the unconstrained method, fk is not required to sum to 1 which means the solution will 
not equal the actual percent cover of each EM (Lu et al., 2004). The error for each band ei 
is defined as the root mean square error (RMSE) expressed as equation (46), 
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𝑆𝑆𝑖𝑖 = �∑ �𝑆𝑆𝑖𝑖𝑗𝑗�2𝑚𝑚𝑗𝑗=1𝑚𝑚  (46) 
where m is the spectral band (Myint and Okin, 2010). Models of each pixel are developed 
by varying the fractions of each EM. The model which produces the lowest RMSE is 
considered the best-fit and those EM fractions are recorded as the solution (Myint and 
Okin, 2010). The RMSE represents the difference between the measured and modelled 
value. The RMSE should be in the range of the noise level of the absolute reflectance. For 
Landsat TM data, this is 0.56%. The analyst can select an arbitrary threshold for the 
RMSE value for determining when a given pixel has been successfully unmixed; typically 
2% (Eibl et al., 1996).  
 In previous studies, we examined the spectral response at numerous sample sites 
in the Big Pine Creek watershed to determine how those sites have changed over the last 
three decades. In our first study we examined the average spectral response across the 
watershed and found that both the visible and NIR responses were declining (Sawyer and 
Stephen, 2014). Vegetation indices are useful tools to analyze for the increase or decline 
in vegetative surface cover. However, these indices are based primarily on the ratio 
between the red and NIR bands. A decline in the red band surface reflectance from 
increased visible light absorption combined with an increase in NIR reflectance from 
higher surface complexity are indicative of increased vegetative surface cover. Likewise, 
increased surface reflectance in the visible range combined with a decline in the NIR 
reflectance from less surface complexity is an indicator of a decline in surface vegetative 
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cover. While the simple ratios are useful in identifying increases or declines in surface 
characteristics, these indices do not provide clear information on what is taking place 
when the visible and NIR surface reflectance change in the same direction (translation). 
In order to determine what is occurring at sites where both the visible and NIR spectral 
responses are trending in the same direction, we need to decompose the spectral 
responses of those sites using spectral mixture analysis.  
Spectral response over time can demonstrate one of four possible trends; 1) Red-
shift stretch in which the red response declines while the NIR increases. This response is 
consistent with increased vegetative surface cover resulting from higher red absorption 
from increased chlorophyll content and increased NIR reflectance due to higher reflectance 
from the internal structures of the increased vegetation cover. 2) Red-shift compression in 
which the red response increases while the NIR decreases. This response is consistent with 
decreased vegetative surface cover resulting from lower red absorption from decreased 
chlorophyll content and decreased NIR reflectance due to lower reflectance from the 
internal structures of the decreased vegetation cover. 3) Red-shift upward translation in 
which both the red and NIR response increase. We hypothesize that this complex response 
is due to both overall declining vegetative cover consistent with lower red absorption along 
with a change in composition of the vegetative surface cover with the new dominant 
species showing higher structural complexity that the original species. 4) Red-shift 
downward translation in which both the red and NIR response decline. We hypothesize 
that this complex response is due to both overall increasing vegetative cover consistent 
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with greater red absorption along with a change in composition of the vegetative surface 
cover with the new dominant species showing lower structural complexity that the original 
species. 
Since the vegetation indices are essentially a measure of the red-shift, trends in 
vegetation indices are expected to correlate to trends in the spectral response. For the 
tasselled cap transformations, spectral trends which increase surface brightness are 
consistent with declining vegetative surface cover as vegetation tends to demonstrate lower 
reflectance than barren surface. Tasseled cap greenness responds to trends in the visible 
bands with lower visible reflectance resulting in a higher greenness index. Tasseled cap 
wetness measures the amount of water absorption in the scene. This correlates to the 
presence or absence of vegetative cover as vegetation tends to contain more water than 
barren surface. 
In this paper we investigate ecosystem response to climate change by examining 
trends in vegetation indices and tasseled cap transformations. Trends in vegetative 
composition are determined by performing a spectral mixture analysis of 30 sample sites. 
We present this information by first describing the study area and the data used in the 
analysis, we then discuss the research approach and methods used to collect and process 
the data, followed by our results and conclusions. We hypothesize that sites where the 
visible and NIR spectral responses are changing in the same direction will demonstrate 
compositional changes that account for the spectral response trends. An examination of 
the accuracy of trend analysis of vegetation indices and tasseled cap transformations is 
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performed by comparing the trends in these metrics to actual sample site field survey data 
from fifty long term vegetation monitoring plots located across the western United States.  
2.0 Study Area and Data 
2.1 Study Area Description 
Figure 35 below shows the Big Pine Creek watershed located in California’s 
Eastern Sierra Mountains. Big Pine Creek is a major tributary to the Owens River which 
is a significant source of fresh water for Los Angeles. The Owens River valley straddles 
the Great Basin and Mojave deserts with vegetation consisting primarily of pine forests at 
higher elevations and xeric species at lower elevations (Elmore et al., 2003).  Elevation 
within the watershed increases from East to West with the higher regions dominated by 
barren rock and woodlands with the lower regions dominated by mixed desert shrubs. 
 
 
 
Figure 35. Study area location showing the boundary of the Big Pine Creek 
watershed. 
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Figure 36. Sample Site Locations.  
 
In previous spectral studies of the Big Pine Creek watershed, we examined 105 
sample sites. Three sites for each of the top ten predominant land cover classes present in 
the watershed and three sites at 100 meter elevation gradients from 1200 meters above 
sea level to 3600 meters above sea level. At each elevation, a densely vegetated site, a 
moderately vegetated site and a sparsely vegetated site were selected. While many of the 
sites demonstrated clear trends in their spectral reflectance consistent with declining or 
increasing vegetative surface cover, numerous locations exhibited same direction trends 
in their visible and NIR reflectance bands making interpretation of what is taking place 
difficult. In this study 30 of those sample sites which were accessible for in situ sampling 
were chosen for detailed spectral mixture analysis to elicit sub-pixel information which 
could provide us with evidence of species compositional change not discernable from the 
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multi-spectral 30 meter resolution Landsat imagery. Sample site locations and elevations 
for this study are shown in table 16. 
 
Table 16 
Sample Site Location 
Sample 
Site ID Latitude (N) Longitude (W) 
Elevation                 
(M MSL) 
Sample 
Site ID Latitude (N) Longitude (W) 
Elevation                 
(M MSL) 
1 37.1675 -118.2657 1201 16 37.1274 -118.4024 2198 
2 37.1676 -118.2714 1201 17 37.1275 -118.4044 2208 
3 37.1567 -118.3070 1294 18 37.1279 -118.4231 2296 
4 37.1516 -118.3251 1397 19 37.1240 -118.4340 2389 
5 37.1435 -118.3187 1402 20 37.1221 -118.4421 2408 
6 37.1433 -118.3172 1403 21 37.1256 -118.4442 2495 
7 37.1426 -118.3274 1460 22 37.1232 -118.4449 2502 
8 37.1370 -118.3326 1509 23 37.1328 -118.4485 2603 
9 37.1372 -118.3359 1598 24 37.1358 -118.4529 2702 
10 37.1258 -118.3499 1707 25 37.1358 -118.4653 2799 
11 37.1264 -118.3541 1798 26 37.1359 -118.4675 2836 
12 37.1294 -118.3471 1805 27 37.1357 -118.4703 2899 
13 37.1252 -118.3788 2009 28 37.1290 -118.4820 3005 
14 37.1253 -118.3922 2100 29 37.1305 -118.4863 3099 
15 37.1246 -118.3923 2105 30 37.1238 -118.5002 3198 
 
2.2 Data 
The data in this study includes Landsat surface reflectance data obtained from the 
USGS Earth Explorer web site, field collected spectra from 116 surface cover samples 
collected in situ throughout the study area during July 2014, field transect data from 50 
permanent vegetation plots across the western United States, and modelled endmember 
spectra and abundance values derived from the Landsat data using the ENVI 5.1 software 
package. Each data is further described below. 
2.2.1 Surface Reflectance Data 
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The Landsat imagery used in this analysis was acquired for 30 dates in the month 
of July from 1984 through 2013. Most of the imagery used in this analysis is from Path 
42, Row 34 with four of the images from Path 41, Row 34. Both image ID ground swaths 
cover the entire study area. Data for this study include imagery from both the Landsat 5 
TM and Landsat 7 ETM+ sensors. The imagery acquisition date and time for the data 
used in this analysis are listed in table 17 below.  The surface reflectance data product for 
each of these imagers was obtained from the EarthExplorer web site operated by the 
United States Geological Survey (http://earthexplorer.usgs.gov/). The data files are 
located in the Landsat Climate Data Record folder with the titles “Landsat Surface 
Reflectance - L4-5 TM and L7 ETM+”. 
 
Table 17 
Summary of Landsat imagery used in this analysis 
Image Date Time Scene ID 
 
 Image Date Time Scene ID 
 7/13/2013 10:28 42/34  7/30/1998 10:12 42/34 
7/28/2012 10:28 42/34  7/27/1997 10:04 42/34 
7/18/2011 10:22 42/34  7/24/1996 9:48 42/34 
7/31/2010 10:24 42/34  7/31/1995 9:31 41/34 
7/5/2009 10:16 41/34  7/3/1994 9:52 42/34 
7/25/2008 10:20 42/34  7/16/1993 9:56 42/34 
7/7/2007 10:27 42/34  7/29/1992 9:56 42/34 
7/13/2006 10:20 41/34  7/27/1991 9:57 42/34 
7/26/2005 10:15 41/34  7/8/1990 9:53 42/34 
7/30/2004 10:16 42/34  7/5/1989 9:34 42/34 
7/12/2003 10:10 42/34  7/2/1988 10:04 42/34 
7/25/2002 10:09 42/34  7/25/1987 9:52 41/34 
7/22/2001 10:14 42/34  7/29/1986 9:55 42/34 
7/19/2000 10:10 42/34  7/3/1985 9:57 41/34 
7/17/1999 10:11 42/34  7/7/1984 10:02 42/34 
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2.2.2 Field Spectra Data 
The Big Pine Creek watershed consists of mostly undeveloped rugged terrain 
within the Inyo National Forest. Due to the remoteness and steep gradients, performing 
the spectral measurements in the field was not practical. Therefore, the vegetative and 
other surface constituent samples were collected and placed in sealed plastic bags and 
placed on ice for shipment to the lab. Samples were selected by choosing the top two or 
three vegetative surface cover types at each site along with a litter or soil sample when 
practical. 
2.2.3 Field Transect Survey Data 
Validation of the performance of vegetation indices and tasseled cap 
transformations is accomplished by performing trend analysis of the Landsat imagery 
over sites of measured vegetation surface cover and composition. Fifty sites including 
thirteen from California’s Owens Valley, five from the Desert Laboratory in Tucson 
Arizona, one from the Nevada Test Site, and thirty-one from Mt Saint Helens in 
Washington were used for this analysis. 
3.0 Research Approach and Methods 
3.1 Research Approach 
This study examines how the surface cover in the watershed has varied over the 
last 30 years at 30 sample sites across the Big Pine Creek watershed. This is 
accomplished by performing a spectral mixture analysis of each of the sample sites for 
each year in the study, then performing a time series trend analysis of the endmembers 
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identified. Trends in surface composition and surface cover are compared against trends 
in vegetation indices and tasseled cap transformations. A validation study comparing the 
accuracy of vegetation indices and tasseled cap transformations is performed by 
comparing trends in those metrics against actual long-term surveyed vegetation plots.  
3.2 Research Methods 
The research methodology consists of surface reflectance data collection; 
endmember determination; data processing; and statistical analysis. Each step is 
described below. 
3.2.1 Data Collection. 
In order to perform a temporal study comparing the physiological changes over 
time at each of the sample sites, surface reflectance values for each year of the study 
period were obtained from the USGS Climate Data Record (CDR) archive. A total of 116 
endmember samples were collected in the field. These samples fell into nine broad 
categories including six types of photosynthetic vegetation, non-photosynthetic 
vegetation such as litter, and two barren surface cover types, soil and rock. The samples 
were measured with an Analytical Spectral Devices, Inc. (ASD) 0.35 to 2.5 µm Flexscan 
spectroradiometer. The 1 nm bandwidth spectra generated by the ASD instrument was 
rescaled to match the Landsat spectral bands using the spectral resampling application in 
the ENVI 5.1 software. 
3.2.2 Surface Reflectance Data. 
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USGS surface reflectance data is generated from a software package known as the 
Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS). The surface 
reflectance data is computed by applying an atmospheric correction to the raw Landsat 
imagery (Schmidt et al., 2013). This atmospheric correction uses the Second Simulation 
of a Satellite Signal in the Solar Spectrum (6S) radiative transfer model to account for 
various atmospheric column constituents including water vapor, ozone, and aerosol 
optical thickness (Masek et al., 2006). The USGS CDR data set provides us with 
observed surface reflectance values for each of the six reflectance bands for all sample 
sites in each year of the study.  
3.2.3 Spectral Endmember Determination. 
Spectral mixture analysis for this study was performed using the spectral 
hourglass wizard toolkit in the ENVI 5.1 software application. The ENVI Spectral 
Hourglass Wizard generated a set of endmember spectra for each sample site. In order to 
determine what each of the endmember spectra represented, the spectra was compared to 
the spectra derived from samples collected in the field. The abundance of each of the 
ENVI generated spectral endmembers was determined for each date in the study period 
and a trend analysis was performed to determine how the fractional coverage of each of 
the endmembers has changed over the last 30 years. 
3.2.4 Statistical Trend Analysis. 
The non-parametric Mann-Kendall (MK) trend test is used to establish the 
presence of trends in the spectral responses, vegetation indices, tasseled cap 
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transformations and spectral endmembers over the last 30 years. This analysis essentially 
determines if a set of values (y) are increasing or decreasing over time. Mann-Kendall 
analysis looks at the sums of the signs of the differences between successive data points 
and calculates a score or “S” statistic with the following properties: for S < 0 (values are 
decreasing over time); for S > 0 (values are increasing over time). The magnitude of the 
S-statistic is a measure of the strength of the trend. These calculations are carried out in 
Excel using the XLSTAT add-in statistical application. This program generates the S 
statistic as well as the probability (p) value which is used to quantify the statistical 
significance of the trend.   
4.0 Results and Discussion 
4.1 Field Collected Endmember spectra 
A total of 116 surface cover samples located throughout the study area were 
collected in situ in July 2014 including three to four samples from each of the 30 sample 
sites used in this study. The surface cover types are classified as either photosynthetic 
vegetation (PV), non-photosynthetic vegetation (NPV), or barren surface. There were six 
broad classes of PV present: broad leaf trees including aspen, birch, and cottonwood; 
narrow leaf trees including willow and coffeeberry; needle leaf trees including pine; sage 
bush; needle leaf shrubs including rabbitbrush, bitterbrush and sedges; and leafy shrubs 
including manzanita, curlleaf mountain-mahogany, and desert peach.  
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a. Broad Leaf (Aspen - Populus 
tremuloides) 
 
Broad Leaf Sample as analyzed in the lab 
 
b. Narrow Leaf (Willow - Salix sp.) 
 
 
Narrow Leaf Sample as analyzed in the lab 
 
c. Needle Leaf (Pine - Pinus sp.) 
 
Needle Leaf Sample as analyzed in the lab 
  
Figure 37.  Samples of study area trees. a - Populus tremuloides, b - Salix sp. and c - 
Pinus sp. 
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a. Sage (Big sage -  Artemisia tridentata ) 
 
 
Sage Sample as analyzed in the lab 
 
b. Needle Leaf Shrub (Sedge - Carex sp.) 
 
 
Needle Leaf Shrub Sample as analyzed in the lab 
 
c. Broad Leaf Shrub (Manzanita - 
Arctostaphylos paula) 
 
Broad Leaf Shrub Sample as analyzed in the lab 
 
Figure 38.  Samples of study area shrubbery. a - Artemisia tridentata, b - Carex sp. 
and c - Arctostaphylos paula. 
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The NPV was composed of litter and dead vegetation. Barren surface included 
various soil and rock types. All of the field collected samples were categorized into those 
nine surface types and composite spectra of each surface cover was created. Figure 39 
shows the composite field collected spectra of all the PV types collected in the field. 
Figure 40 shows the composite field collected spectra of non-photosynthetic vegetation 
(litter) along with composite soil and rock spectra.  
 
 
Figure 39.  Composite field collected reflectance spectra for photosynthetic 
vegetation types present in the study area. 
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Figure 40.  Composite field collected reflectance spectra for non-photosynthetic 
vegetation, soil, and rock types present in the study area. 
 
For each sample site, the endmember spectra extracted from the ENVI software 
application were compared against the field collected endmember spectral library to 
determine their classification. The abundance values for each endmember type, (PV, 
NPV, and Soil/Rock), were compiled for each sample site for each year and a trend 
analysis was performed to determine how the surface cover has changed over the last 30 
years.  
Figures 41 and 42 provide an example of this procedure. In Figure 41, sample site 
#1 ENVI extracted spectral endmembers for photosynthetic vegetation from the Landsat 
5 TM imagery for the year 2000 are compared against the spectra produced from 
vegetation samples collected at that site. At this particular location, vegetation is 
primarily Greasewood (Sarcobatus vermiculatus) and Rabbitbrush (Chrysothamnus 
(Ericameria)). Although the raw reflectance values are significantly different, the shapes 
of the spectra allow us to clearly identify that the ENVI extracted spectra nD Class #3 
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matches the field collected spectra for Rabbitbrush while the nD Class #4 matches the 
field collected spectra for Greasewood.  
 
 
a. ENVI Extracted Spectra for Sample Site #1 PV 
 
 
b. Field Collected Spectra for Sample Site #1 PV 
 
Figure 41.  Comparison of ENVI extracted spectra for sample site #1 with field 
collected spectra of the vegetation collected at that site. 
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In Figure 42, sample site #23 ENVI extracted spectral endmembers for non-
photosynthetic vegetation (litter) and soil from the Landsat 5 TM imagery for the year 
1994 are compared against composite litter and soil field collected samples. As with the 
vegetation spectra, the soil and litter spectra differs in their data values, but their 
distinctive shapes are clearly distinguishable. 
In general, the ENVI extracted spectra data values were much lower than those 
produced by the ASD instrument. The spectra measured in the laboratory are contact 
samples, meaning there is no atmospheric column between the sample and the detector. 
This contrasts with the full atmospheric column between the study site and the Landsat 
sensor orbiting 700 km above the earth. 
In addition to the spectra, the ENVI software generated abundance images of each 
modeled endmember in every pixel. The constrained option was selected so that the 
abundance values reflected fractional coverage of each endmember within each pixel. 
The software also produced an RMS image indicating the root mean square error 
associated with the derived endmembers for each individual pixel. Average error values 
for all 30 years of the study are shown in table 20 for each site. 
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a. ENVI extracted Spectra for Sample Site #23 Soil and Litter 
 
 
b. Field Collected Spectra for Composite Field Collected Soil and Litter 
c.  
Figure 42.  Comparison of ENVI extracted spectra for sample site #23 with field 
collected composite spectra of the soil and litter samples collected 
throughout the watershed. 
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Table 18 shows the trends in surface cover for the thirty sites in this study. In 
most instances we see trends in the PV and NPV going in opposite directions. For 
example, twelve of the sites show declines in PV along with increases in NPV while at 
eight sites, the PV is increasing while the NPV is in decline. Of the remaining ten sites, 
five show increases in both PV and NPV while five site show both the PV and NPV are 
in decline. Ten of the sites demonstrate spectral trends with increasing NIR and declining 
red values (Red-Shift Stretch), four sites demonstrate spectral trends with decreasing NIR 
and increasing red values (Red-Shift Compression), eight sites demonstrate spectral 
trends with increasing NIR and increasing red values (Red-Shift Upward Translation), 
and eight sites demonstrate spectral trends with decreasing NIR and decreasing red values 
(Red-Shift Downward Translation). 
At sites where the PV and NPV are moving in the same direction, we see barren 
surface going in the opposite direction as one would expect. Where the PV and NPV are 
receding, we see increased barren surface contribution to the observed surface reflectance 
signal. Likewise where PV and NPV are increasing, the barren surface contribution is in 
decline. 
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Table 18 
Trends in surface cover and reflectance at 30 Big Pine Creek sample sites 
Sample 
Site 
Trends in  Surface cover for each 
sample site 
(S Values) 
Trends in CDR Surface Reflectance Data for Landsat Bands 
(S Values) 
PV NPV Barren Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 
1 33 10 -20 -78 -59 -87 -257 -155 -111 
2 -30 95 -83 0 -52 -65 -97 -23 21 
3 -26 22 23 -7 5 30 14 110 77 
4 -68 81 49 33 16 25 -123 75 89 
5 5 -42 7 -121 -160 -158 -124 -52 -55 
6 62 -10 -50 -21 46 69 91 118 -35 
7 -28 -112 67 -55 -43 7 28 35 -36 
8 6 5 -22 -194 -139 -173 127 -53 -119 
9 85 -75 -9 -44 -40 -32 -15 103 -46 
10 -26 -51 98 -165 -134 -189 197 53 -5 
11 -39 82 -70 -35 6 20 5 63 -60 
12 -15 54 -5 23 26 48 55 76 77 
13 -56 70 -29 -204 -203 -229 78 -62 -155 
14 45 -50 25 -67 -65 -44 35 -13 -5 
15 -52 4 17 143 164 170 201 153 127 
16 23 6 -10 -123 -156 -169 -184 -139 -149 
17 -72 83 -9 -137 -133 -156 35 -108 -137 
18 12 -16 0 -169 -138 -162 25 37 -53 
19 -47 64 -20 66 66 102 -28 78 69 
20 62 -66 27 -132 -91 -112 53 -35 -127 
21 -3 -14 57 -186 -158 -232 21 -140 -196 
22 -25 -54 18 -150 -163 -147 -96 -158 -141 
23 148 -14 -59 19 146 75 48 188 157 
24 -105 52 16 56 91 51 72 147 147 
25 -45 50 25 -67 -109 -119 135 -10 -77 
26 13 41 -54 34 57 65 -7 105 79 
27 -17 1 -2 -123 -113 -112 -121 -125 -190 
28 -4 -19 86 -97 -98 -153 35 -192 -182 
29 83 1 -41 -61 -47 -25 -32 35 -22 
30 36 -78 61 -24 22 19 -46 -97 -79 
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Table 19 
Trends in surface cover with vegetation indices at 30 Big Pine Creek sample sites 
Sample 
Site 
Trends in  Surface cover for each 
sample site 
(S Values) 
Trends in Vegetation Indices and Tasseled Cap Transformations 
(S Values) 
PV NPV Barren NDVI SAVI MSAVI2 TCB TCG TCW 
1 33 10 -20 -139 -181 -191 -159 -149 117 
2 -30 95 -83 -15 -39 -41 -99 -35 -19 
3 -26 22 23 21 17 11 69 -11 -97 
4 -68 81 49 -71 -107 -119 21 -133 -103 
5 5 -42 7 39 -23 -39 -143 -53 -35 
6 62 -10 -50 9 25 29 83 51 19 
7 -28 -112 67 23 23 25 17 49 5 
8 6 5 -22 235 223 217 -63 191 65 
9 85 -75 -9 7 5 7 -12 18 -42 
10 -26 -51 98 287 333 333 -27 307 -43 
11 -39 82 -70 -3 9 9 -7 33 11 
12 -15 54 -5 -25 -7 5 53 -13 -89 
13 -56 70 -29 329 337 339 -151 341 13 
14 45 -50 25 61 45 37 7 41 9 
15 -52 4 17 -25 45 51 183 45 -101 
16 23 6 -10 -21 -67 -85 -211 -63 117 
17 -72 83 -9 189 165 157 -116 160 108 
18 12 -16 0 199 165 167 -73 161 -43 
19 -47 64 -20 -115 -97 -97 67 -83 -65 
20 62 -66 27 201 195 179 -33 215 85 
21 -3 -14 57 237 129 129 -135 129 83 
22 -25 -54 18 59 17 7 -207 21 125 
23 148 -14 -59 -37 -13 -9 143 -15 -187 
24 -105 52 16 -9 5 13 89 -13 -169 
25 -45 50 25 163 131 131 -13 127 41 
26 13 41 -54 -85 -99 -93 57 -95 -99 
27 -17 1 -2 15 7 9 -145 73 155 
28 -4 -19 86 149 99 97 -93 83 195 
29 83 1 -41 9 -39 -37 -45 -21 -21 
30 36 -78 61 -35 -55 -51 -47 -47 95 
 
 The real advantage that spectral mixture analysis has over simple spectral 
reflectance derived vegetation indices is the ability to discern changes in the endmembers 
within an individual pixel. This information is essential in determining how climate 
change is impacting local species assemblages. Table 20 shows the average fractional 
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surface cover of each of the PV types at each site for the 30 years of the study period as 
derived from the spectral mixture analysis of the Landsat imagery. This table shows that 
our study site vegetation consists primarily of shrubs with some deciduous and conifer 
trees. Most of the trees are located within a hundred meters of the Big Pine Creek while 
the shrubs are ubiquitous throughout the study area.  
 
Table 20 
Average sample site vegetative surface cover for the 30 year study period 
Sample Site 
Fractional Surface Cover (%) Average 
RMSE 
(%) 
 
Trees 
Sage Bush 
Shrubs 
Broad 
L f 
Narrow 
L f 
Needle 
f 
Needle 
L f 
Broad Leaf 
1     31  0.82 
2     28  0.64 
3 6      1.01 
4     44  0.03 
5 14 23 10  14  0.52 
6    9 13  0.22 
7    6  5 0.47 
8  33 32  2  0.02 
9    7 10  0.31 
10 21 30 4    0.03 
11    2 10  0.76 
12     4  0.66 
13 19 25 3  17  0.03 
14 33  28  6  0.02 
15    8 24  0.54 
16    6 29 12 0.52 
17 38  27  11  0.02 
18 30  9  23  0.05 
19 20   1 26  0.03 
20   19  40 15 0.02 
21 30  45    0.03 
22    5 24 9 0.76 
23    21 40 13 0.80 
24    6 38 22 0.35 
25 39  29  12  0.03 
26 7 7   42  0.03 
27    8 9 12 1.14 
28 23 3 44  16  0.02 
29  35 21  21  0.27 
30  11 9  23 32 0.02 
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Tree species identified in the study area include leaf species such as Willow, 
Coffeeberry, and Cottonwood, Birch, Maple and aspen, along with conifers including 
Yellow Pine, White Pine and California Lodgepole Pine. Three sages were identified; Big 
sagebrush, Black sagebrush and Low sagebrush. Numerous shrub species were identified. 
The shrubs were classified as needle leaf type for those with thin leaves and as broad leaf 
type for those with round leave. Needle leaf shrub species include Rabbitbrush, 
Bitterbrush, Green Ephedra, Greasewood, Tumbleweed, Sulphur flower, and Buckwheat. 
Leaf type shrubs are primarily Manzanita, Curlleaf Mountain-Mahogany, California 
Lilac, Borage and Desert Peach. Sedges were also present and classified as needle leaf for 
this study.  
Table 21 shows how the individual endmembers have trended at each of the 
sample sites where the spectral analysis is consistent with compositional change. Table 
22 provides a description of what the trend values are showing. In this summary, trends 
are defined as significant if their |S| value exceeds 100, large for 50 < |S| < 100, moderate 
for 20 < |S| < 50, small for 5 < |S| < 20, and slight for |S| < 5. 
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Table 21 
Trends in vegetative composition for the 30 year study period 
Sample Site 
Photosynthetic Vegetation (PV) 30 Year Trends in Surface Composition 
  Trees 
Sage Bush 
Shrubs 
Broad Leaf Narrow Leaf Needle Leaf Needle Leaf Broad Leaf 
1         58   
2         -30   
3 -26           
4         -68   
5 3 15 -14   -12   
6       37 -19   
7       -4   -6 
8   6 1       
9       23 17   
10 -112 -11 134       
11       -2 -36   
12         -15   
13 -60 98 -34   -58   
14 50   -42   29   
15       -7 -56   
16       -4 27 40 
17 -95   78   -30   
18 43   13   -72   
19 96     -1 -99   
20     78   61 -140 
21 -35   34       
22       -8 -7 6 
23       70 14 -6 
24       -20 -43 -64 
25 9   10   -100   
26 -96 -21     57   
27       21 -17 -81 
28 -34 1 50   -66   
29   4 70   -8   
30   -12 -53   75 8 
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Table 22 
Endmember trend description for photosynthetic vegetation 
Sample Site Trends in Photosynthetic Vegetation (PV) 
1 Large increase in greasewood; small decrease in Rabbitbrush 
2 Moderate decline in Shrub 
3 Moderate decline in Cottonwood 
4 Large declines in Rabbitbrush 
5 Small increase in Willow; small decline in Pine 
6 Moderate increase in Sage; small decline in shrubs 
7 Significant declines in Sage; large decline in Desert Peach 
8 Small increase in Yellow Pine and Willow 
9 Moderate increase in Sage; small increase in Shrubs 
10 Significant increase in Pine; significant declines in Cottonwood 
11 Moderate decline in shrub 
12 Small decline in Shrub 
13 Large increase in Willow; small declines in NL Shrubs, Pine and Cottonwood 
14 Large increase in broad leaf (Birch/Cottonwood); moderate increase in shrubs 
15 Large decrease in Shrub; small decline in Sage 
16 Moderate increase in Bitterbrush and California Lilac; small decline in Sage 
17 Large decline in Broadleaf (Birch/Cottonwood); large increase in Pine; small decline in Shrub 
18 Increases in Cottonwood and Pine; decline in Bitterbrush 
19 Large increases in Maple; large decline in Shrubs 
20 Large increase in Pine and needle leaf shrub; significant decline in Mahogany 
21 Moderate declines in Aspen/Birch; moderate increase in Pine 
22 Small decline in Sage and Bitterbrush; small increase in broad leaf shrub 
23 Large increase in Sage; small increase in shrub 
24 Large decline in leaf shrub; moderate declines in Sage and Bitterbrush 
25 Large decline in shrub; small increase in Pine, Broad Leaf 
26 Large decline in Aspen; small decline in Coffeeberry; large increase in Rabbitbrush 
27 Moderate increase in Sage; large decline in Mahogany 
28 Moderate decline in Aspen; large increase in Pine; small decline in shrub 
29 Significant increase in Lodgepole Pine; small increase in Willow 
30 Large decline in Pine; small decline in Willow; large increase in needle leaf shrub 
 
The results of our spectral mixture analysis show vegetative compositional 
changes at each of the thirty sites examined, with three of those sites consistent with large 
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compositional changes. Looking at the combined PV trends, for the two sites with 
statistically significant trends, 23 (S = 148) and 24 (S = -105), the results are not always 
consistent with the vegetative indices and Tasseled Cap transformations. At site 23, the 
spectral mixture analysis indicates vegetation is increasing while all three vegetative 
indices are declining. Likewise, the TCB, TCG, and TCW scores all suggest declines in 
vegetative surface cover. At site 14, the spectral mixture analysis indicates declining 
vegetative surface cover which is in agreement with two of the vegetative indices (SAVI 
and MSAVI2) and the tasseled cap transformations. However, the NDVI trend at this site is 
consistent with a small increase in vegetative surface cover. These results demonstrate 
the difficulty with assessing vegetative compositional change using only vegetative 
indices and Tasseled Cap transformations. 
Table 23 summarizes the results of this analysis showing the percentage of times 
each indices matched the predicted red-shift theory.  For example, the red-shift stretch 
theory of increasing vegetation was only matched at four out of ten sites using SMA, 
while NDVI, SAVI, MSAVI2, and TCG matched the prediction of increasing vegetation at 
all ten sites. 
The overall results indicate tasseled cap brightness had the highest level of 
agreement (90%) with the red-shift prediction of vegetative change. Spectral mixture 
analysis generated the least overall agreement at 57%. However, it is interesting to note 
that SMA showed higher levels of agreement with theory in the complex cases of red-
shift translation while most of the vegetative indices and tasseled cap transformation 
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witnessed declines in their levels of agreement. In particular, when there is a downward 
translation in the red-shift, the two modified vegetation indices (SAVI and MSAVI2) 
performed poorly compared to theory. 
 
Table 23 
Correlation of indices to spectral response theory 
Theory SMA NDVI SAVI MSAVI2 TCB TCG TCW 
ALL – 30 Sites 
 57 80 63 60 90 70 67 
Red-Shift Stretch – 10 Sites 
(Increasing Vegetation) 
 
40 100 100 100 90 100 80 
Red-Shift Compression – 4 Sites 
(Decreasing Vegetation) 
 
50 100 100 100 75 100 75 
Red-Shift Upward Translation – 8 Sites 
(Decreasing Vegetation w/comp change) 
 
75 63 25 13 88 50 63 
Red-Shift Downward Translation – 8 Sites 
(Increasing Vegetation w/comp change) 63 63 38 38 100 38 50 
Percentage of times the index match the actual field data 
 
4.2 Validation of Vegetation Indices in Trend Studies 
Vegetation indices have long been used to establish the presence of vegetative 
surface cover and to track how vegetative surface cover changes over time. In order to 
determine the accuracy of vegetation indices and tasseled cap transformations in ecological 
trend studies, we compare how those indices and transforms compare with actual field plot 
data. We consider both ratio indices which analyze the large difference in the red and NIR 
bands characteristic of vegetation and weighted ratios which focus on physical parameters 
such as surface brightness, greenness and wetness.   
In this analysis we look at the following indices: 
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Normalized Difference Vegetation Index (NDVI), defined as 
𝐸𝐸𝑁𝑁𝑉𝑉𝑁𝑁 =  𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅 , (47) 
Rouse at al., 1974), where ρNIR is the reflectance in band 4 and ρRED is the reflectance in 
band 3; Soil Adjusted Vegetation Index (SAVI), defined as 
𝑆𝑆𝑇𝑇𝑉𝑉𝑁𝑁 = (1 + 𝐿𝐿) 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅 + 𝐿𝐿 , (48) 
where L is a soil correction factor set at 0.5 (Huete, 1988); Modified Soil Adjusted 
Vegetation Index (MSAVI2), defined as 
𝑀𝑀𝑆𝑆𝑇𝑇𝑉𝑉𝑁𝑁2 = 2𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 1 −  �(2𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 + 1)2 − 8(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁 −  𝜌𝜌𝑁𝑁𝑅𝑅𝑅𝑅)2  , (49) 
(Qi et al., 1994); and Tasseled Cap transformations for Brightness (TCB), Greenness 
(TCG), and Wetness (TCW) which are defined as 
𝑇𝑇𝐶𝐶𝐵𝐵 = 0.2043𝜌𝜌1 + 0.4185𝜌𝜌2 + 0.5524𝜌𝜌3 + 0.5741𝜌𝜌4 + 0.3124𝜌𝜌5 + 0.2303𝜌𝜌7, (50) 
𝑇𝑇𝐶𝐶𝐺𝐺 = −0.1603𝜌𝜌1 − 0.2819𝜌𝜌2 − 0.4934𝜌𝜌3 + 0.7940𝜌𝜌4 − 0.0002𝜌𝜌5 − 0.1446𝜌𝜌7, (51) 
𝑇𝑇𝐶𝐶𝑊𝑊 = 0.0315𝜌𝜌1 + 0.2021𝜌𝜌2 + 0.3102𝜌𝜌3 + 0.1594𝜌𝜌4 − 0.6806𝜌𝜌5 − 0.6109𝜌𝜌7, (52) 
where ρ1…7 is the reflectance in band 1 through band 7 respectively (Crist, 1985).  
Actual field plot data was collected from 50 long term study plots throughout the 
Western United States including 13 plots in California’s Owens Valley, (near the Big 
Pine Creek study area), 1 plot at the Nevada National Security Site in Nevada, 5 plots at 
the Desert Lab in Tucson, Arizona and 31 sites located on Mt Saint Helens in 
Washington. The time span of the permanent monitoring plots ranged from 12 to 28 
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years. At each plot, total vegetative cover and composition data were obtained. Landsat 5 
TM CDR surface reflectance for every year covering the time span of the plot data.  
A listing of each of the 50 plots, the change in percent vegetation cover and the 
spectral response and vegetative indices trends over those time periods is available at 
https://drive.google.com/open?id=0B-keMMag-oQ7UlBfb0NwUVB3alE&authuser=0. 
Descriptions of how each plot changed over the time period of the study and how well the 
vegetation indices and tasselled cap transformations correlate to the actual field data is 
available at https://drive.google.com/open?id=0B-keMMag-
oQ7WEpqWm85RkZtTjg&authuser=0. 
 Table 24 shows the level of agreement between the vegetative indices and tasselled 
cap transformations with the red-shift theory prediction for vegetation. For example, for 
the twenty five sites demonstrating red-shift stretch, trends in NDVI were positive in all 
twenty five cases (100% agreement with theory). For those same sites, tasselled cap 
wetness trends were consistent with increased vegetative cover at only eight of the sites 
(32% agreement with theory). Overall, the vegetation indices and the tasselled cap 
brightness and greenness show close correlation with the predicted vegetation trends based 
solely on the trends in spectral response for those sites. Trends in the tasselled cap wetness 
index ran counter to the predicted response more than half the time. 
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Table 24 
Correlation of indices to spectral response theory 
Theory 
 
NDVI SAVI MSAVI2 TCB TCG TCW 
ALL – 50 Sites 
 
84 84 80 80 84 44 
Red-Shift Stretch – 25 Sites 
(Increasing Vegetation) 
 
100 100 96 64 100 32 
Red-Shift Compression – 3 Sites 
(Decreasing Vegetation) 
 
67 100 67 67 100 100 
Red-Shift Upward Translation – 7 Sites 
(Decreasing Vegetation w/comp change) 
 
29 14 14 100 14 100 
Red-Shift Downward Translation – 15 Sites 
(Increasing Vegetation w/comp change) 
 
87 87 87 100 87 27 
Percentage of times the index match the red-shift theory of vegetation trend 
 
Table 25 shows the level of agreement between each red-shift theory and actual 
field data. Of the 50 plots studied, 25 demonstrated negative red trends with increasing 
NIR trends (Red-Shift stretch) consistent with increased vegetative surface cover. Actual 
transect data showed vegetative ground cover increasing in 24 of those 25 plots 
demonstrating Red-Shift Stretch (96% agreement with theory). Three of the plots 
demonstrated positive trends in the red response with declining NIR trends (Red-Shift 
compression) consistent with decreased vegetative surface cover. Two of the three plots 
did in fact show declines in surface cover (67% agreement with theory). Seven of the 
plots demonstrated increasing red trends with increasing NIR trends (Red-Shift upward 
translation). Four of these sites (57% agreement with theory) witnessed decreased 
vegetative surface cover while three demonstrated increases in surface cover. Fifteen 
plots demonstrated decreasing red trends with decreasing NIR trends (Red-Shift 
downward translation). Of these sites, 14 witnessed increased vegetative surface cover 
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(93% agreement with theory) while 1 site experienced a decline in vegetative surface 
cover.  
  
Table 25 
Accuracy of red-shift theory vs field data 
Spectral Response Trends Accuracy of Red-Shift Theory 
All Data – 50 Sites 
 
88 
Red-Shift Stretch – 25 Sites 
(Increasing Vegetation) 
 
96 
Red-Shift Compression – 3 Sites 
(Decreasing Vegetation) 
 
67 
Red-Shift Upward Translation – 7 Sites 
(Decreasing Vegetation w/comp change) 
 
57 
Red-Shift Downward Translation – 15 Sites 
(Increasing Vegetation w/comp change) 
 
93 
Percentage of times the index match the actual field data 
 
Table 26 details the performance of each of the vegetative indices and tasselled 
cap transformations versus the actual field data. Overall, the vegetative indices performed 
better than the tasseled cap transformation, with the MSAVI2 index recording the highest 
level of agreement (90%) with the actual measurements of vegetative surface cover. The 
tasseled cap wetness index demonstrated the least correlation (36%) with field data. This 
finding suggests caution in using tasselled cap wetness as a measure of vegetative surface 
cover change, especially in regions where vegetative cover is increasing. 
Composition change is evident in almost all of the surveyed plots with either the 
predominant species changing over the time period of the study or a significant expansion 
in one of the species compared to the others present in the initial survey. For those plots 
demonstrating red-shift upward translation, five out of the seven sites showed significant 
 
 
190 
 
 
changes in their species composition between the initial and final surveys. Likewise in the 
fifteen re-shift downward translation plots, thirteen of the fifteen plots witnessed 
significant composition change. 
 
Table 26 
Accuracy of vegetative indices and tasseled cap transformations vs field data 
Spectral Response Trends NDVI SAVI MSAVI2 TCB TCG TCW AVG 
All Data – 50 Sites 
 
88 86 90 76 84 36 77 
Red-Shift Stretch – 25 Sites 
(Increasing Vegetation) 
 
96 96 100 68 96 28 81 
Red-Shift Compression – 3 Sites 
(Decreasing Vegetation) 
 
100 67 67 100 67 67 78 
Red-Shift Upward Translation – 7 Sites 
(Decreasing Vegetation w/comp change) 
 
57 71 57 57 57 57 60 
Red-Shift Downward Translation – 15 Sites 
(Increasing Vegetation w/comp change) 
 
93 80 80 93 80 33 74 
Percentage of times the index match the actual field data 
 
4.3 Meteorological Data 
Ecological changes we have identified in the Big Pine Creek watershed are 
consistent with warming temperatures. In our previous paper, we identified statistically 
significant increases across the study area in both the maximum temperature (TMAX) and 
minimum temperature (TMIN). Looking at monthly trends, we found that for the maximum 
temperatures, the largest increases are taking place in the summer with smaller increases 
in the winter (Sawyer and Stephen, 2014). Precipitation and Big Pine Creek stream flow 
trends were also examined to determine if the moisture deficit conditions were impacting 
ecological responses over the study period. Here we found that although there was a 
slight decline in precipitation in the watershed, stream flow was slightly increasing which 
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is consistent with warmer temperatures increasing the melt water contribution to the 
stream flow from the Palisade glacier (Sawyer and Stephen, 2014).  
The seasonal trends found in this analysis closely align with future climate 
regimes predicted by general circulation models showing milder wetter winters and hotter 
drier summers (Lenihan et al., 2003). Lenihan et al. (2003) show that these future climate 
scenarios can produce shifts in the vegetative composition. In particular, their biological 
distribution model simulations suggest a shift from shrubs to grasslands under these 
conditions (Lenihan et al., 2003). The temperature trends demonstrate that the Big Pine 
Creek watershed is at heightened risk from climate change and highlight the need to 
develop strategies to adapt to a new climate paradigm of warmer temperatures. 
4.4 Confidence Levels 
Multitemporal satellite imagery is impacted by several factors including changes 
in sensor response, sensor stability, atmospheric effects, and illumination effects 
(Vicente-Serrano et al., 2008).  Geometric pixel registration errors are generally less than 
½ pixel (Schueler and Salomonson, 1985). Radiometric uncertainty for the TM data is 
approximately 5% (Chander et al., 2009). The USGS surface reflectance data set has been 
assessed against MODIS surface reflectance data and found to be highly correlated with 
discrepancies between 2.2 to 3.5 percent (Feng et al., 2013). 
The spectral mixture analysis performed for this study generated RMS errors of 
less than 1% on average. The average RMSE error values for each site are shown in table 
20. However, the interpretation of what each ENVI extracted endmember represents is 
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somewhat subjective. Accuracy of this interpretation is dependent on the ability of the 
analyst to correctly match the modeled spectra to actual field collected spectra. 
5.0 Summary and Conclusions 
 This study examined the changes in the ecosystem of the Big Pine Creek 
watershed as measured by trends in vegetation indices, tasseled cap transformations, and 
composition from spectral mixture analysis at thirty locations over a thirty year time span 
from 1984 through 2013. Trends in spectral response, vegetation indices and tasseled cap 
transformations were validated against fifty sites with known long term composition data 
to test the accuracy of four possible red-shift response hypotheses.  
 We found that red-shift stretch and red-shift downward translation trends 
corresponded to actual increases in vegetative cover in over 90% of the sites studied. 
Red-shift compression and red-shift upward translation trends were not as accurate with 
actual field data showing declines in only 67% and 57% of the time respectively. For the 
vegetative indices and tasseled cap transformations, overall agreement between the 
indices and actual field data was 77%. Red-shift stretch and red-shift compression 
demonstrated the highest level of agreement with actual field data at 81% and 78% 
respectively. Red-shift upward translation and red-shift downward translation trends 
matched actual field data only 60% and 74% of the time respectively. 
 In remote areas that do not have historical surface cover composition data, 
quantitative analysis of how each individual component affected the composite spectral 
signal is not possible. By performing a spectral unmixing of the sample sites, we can look 
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at the qualitative results of trend data to infer the impact compositional changes are 
having on the composite spectral response in each band. This analysis demonstrates a 
way to elicit a plausible explanation for the spectral responses recorded by the Landsat 
imager.  
 Comparing spectral mixture analysis trends in vegetative cover, trends in 
vegetation indices and trends in tasseled cap transformations at thirty sample sites in the 
Big Pine Creek study area, we found the tasseled cap brightness index showing the 
highest level of agreement with the red-shift theory (90%) while trends in vegetation 
cover using spectral mixture analysis showed the lowest agreement with red-shift theory 
of vegetation cover. It is interesting to note that the highest levels of agreement between 
spectral mixture analysis trends and vegetative cover predicted by red-shift theory occur 
with red-shift upward translation and red-shift downward translation predictions at 75% 
and 63% agreement respectively, while agreement levels for the vegetation indices are at 
their lowest for these two theories. 
 All of these findings suggest that identification of trends in vegetative responses 
to climate change must include consideration of how various indices and analytical 
techniques behave under various red-shift scenarios. While the vegetative indices and 
tasseled cap transforms perform remarkably well for simple cases of red-shift stretch and 
red-shift compression, when analyzing the more complex case of re-shift translation one 
should consider using spectral mixture analysis to increase the confidence level of the 
findings. 
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 We previously hypothesized that at those sites showing red-shift translation, we 
would find composition change. Although our spectral unmixing shows changes in 
composition throughout the watershed over the last three decades, only a few sites 
demonstrate clear transition from one species to another. For example, at site 6 spectral 
unmixing identifies declining shrub population with increasing sage cover while at site 
27, the spectral unmixing suggests sage is replacing Mahogany. However, composition 
change is also seen at sites undergoing basic red-shift stretch. For instance, at site 10, 
spectral unmixing identifies a definite shift from Cottonwood to Pine.  
 These findings suggest that a simple explanation of composition change at sites 
demonstrating red-shift translation is not really telling us what is taking place. Likewise, 
the results of this study show that simple red-shift stretch and red-shift compression are 
not basic indicators of increase and decrease in vegetative cover, but may in fact also be 
the result of compositional change. Although we can make general inferences regarding 
trends in vegetative indices and tasseled cap transformations, only spectral unmixing can 
elicit additional information about the changes taking place. Spectral response trends are 
influenced by several factors including changes in the amount of vegetation present and 
also the type. Since litter and barren surface also contribute significantly to the spectral 
response, changes in the percent cover of those surface components also must be 
considered. 
 Spectral responses measured by the Landsat program provide a unique resource 
for the ecological community to examine how sensitive areas have adapted to new 
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environmental parameters. Vegetative indices and tasseled cap transformations along 
with spectral unmixing allow us to elicit detailed information on changes taking place at 
the local assemblage level. Performing this type of analysis using the techniques 
demonstrated in this paper will allow us to validate existing theories of ecological 
response to climate change and to develop new hypothesis regarding the behavior of 
species under future climatic regimes.  
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Chapter 7: Conclusions and Recommendations 
The primary goal of this research was the study of recent climate driven changes 
in an ecosystem using remote sensing. To determine ecosystem changes, a methodology 
was designed using publically available remote sensing imagery and trend analysis of the 
changes in the imagery to elicit information regarding recent changes in vegetative 
surface cover. This approach exploits the observable alteration of spectral response 
caused by climate driven changes to physiological processes within the ecosystem. The 
accuracy and usefulness of vegetative indices and spectral band transforms were 
evaluated to validate their use in ecological studies. 
Specific objectives of this research included analysis of recent climate driven 
changes to the study area, creation of an analytical process to find changes that have 
taken place from remote sensing imagery, understanding of red-shift due to vegetation 
compositional change, and determination of the accuracy of vegetation indices and 
spectral band transforms. These objectives answer important questions regarding how 
recent climate change has affected a fragile alpine watershed and how a similar 
framework can be employed to determine changes to other sensitive ecological regions. 
This research is critically important to the goal of achieving a sustainable balance 
between the need for ecosystem resources and the capacity of the biosphere to fulfill 
those needs. From this study, numerous conclusions have been derived as detailed below. 
In addition, several areas that require additional study have been identified and are 
discussed. 
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1.0 Conclusions 
This research has led to the following key findings regarding recent climate 
induced changes to the ecosystem and the techniques used to perform ecological 
evaluations. 
1. The study of recent climate change impacts on the ecosystem found that surface 
reflectance throughout the watershed has declined in all six Landsat bands over 
the last three decades. At the same time, temperatures have demonstrated a 
statistically significant rise. The finding that surface reflectance is declining in 
both the visible and NIR regions highlighted a gap in the ability of vegetation 
indices to identify vegetative trends in these circumstances. This led to the 
creation of red-shift translation theory which relates vegetative composition 
change to instances where the visible and NIR bands are trending in the same 
direction. 
2. The study design employed in this research included the use of numerous 
measures including trends in each of the six Landsat reflectance bands, trends in 
both ratio based vegetation indices and linear band transforms as well as trends in 
vegetative composition derived from spectral mixture analysis to determine 
climate driven changes in vegetative surface cover. This methodology avoided the 
pitfalls associated with reliance on individual measures. This study design 
provides improved confidence in the conclusions reached relating increased 
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vegetative growth in water rich areas along with declines in vegetation in water 
poor regions to the significant warming found during the study period. 
3. The study of red-shift trends produced numerous findings. The hypothesis that 
red-shift stretch and downward translation relate to increasing vegetative cover 
performed remarkably well when compared to actual long-term vegetation plots. 
The hypothesis that red-shift compression and upward translation relate to 
decreasing vegetative cover were much less reliable compared to actual long-term 
vegetation plots. The relationship between red-shift translations and composition 
change require additional investigation since all the plots studied all demonstrated 
composition change. Thus, no conclusion can be drawn relating red-shift 
translations to composition change. 
4. The validation study determined that vegetation indices and transforms performed 
reasonably well in predicting surface cover changes when compared to long term 
field survey data with the exception of the tasseled cap wetness transform. In 
general, the vegetation indices are more accurate with an average 88% agreement 
with actual field data. Excluding the tasseled cap wetness index, the other two 
tasseled cap measures for brightness and greenness demonstrated they can 
reasonably be relied upon as vegetative trend indicators with an average 80% 
agreement between them and actual field survey plots. The 36% agreement 
provided by the tasseled cap wetness index is in need of further examination. 
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5. The USGS CDR surface reflectance dataset correlates well with older dark object 
subtraction methods for calculating surface reflectance. The overall comparison of 
the two methods showed very close agreement in the surface reflectance values. 
6. Ecosystem changes show distinct patterns with declining vegetation in the lower 
half of the watershed and vegetative increases in the upper half of the watershed. 
Vegetative stands in water rich areas have experienced growth while stands in dry 
areas experienced declines over the 30 years of the study. 
7. Spectral mixture analysis identified vegetative composition change throughout the 
study area. This technique found widespread declines in needle leaf shrubs 
consistent with the conclusions from the analysis of vegetation indices in the 
elevational study. However, only two of the thirty sites demonstrated statistically 
significant transitions from one species to another. 
These conclusions are briefly elaborated and discussed in the following text. The 
initial research question focused on the impact of increased temperatures on the spectral 
reflectance properties of vegetation. Elevated temperatures drive increased reaction rates 
and alter important physiological interactions such as decomposition that have direct 
effects on nutrient availability. These changes drive vegetative composition towards more 
drought tolerant species. Composition variations are related to the changes in the spectral 
reflectance characteristics of the study area. 
Trends in vegetation indices alone did not identify significant climate driven 
changes in the ecosystem. However, by examining trends in tasseled cap transforms, the 
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conclusion that vegetative cover has been increasing based on strong declines in surface 
brightness and strong increases in wetness was made. Given the spatial limitations of the 
remote sensing imagery, identification of compositional changes was only possible 
through the use of spectral mixture analysis. These findings demonstrate the robust 
attributes of a study design that incorporates several different analytical measures. 
Use of vegetation indices for ecological trend studies is problematic given the gap 
in understanding their meaning when the red and NIR bands are trending in the same 
direction. To address this information gap, red-shift translation postulates were developed 
and tested using actual field plot survey data. The red-shift translation hypotheses 
described here correlated with actual field survey data 93% of the time for red-shift 
downward translation and 57% of the time for red-shift upward translation. This 
compares well with the accuracy of standard red-shift stretch (96%) and red-shift 
compression (67%) theories of vegetative increases and declines respectively. 
Overall, the vegetative indices performed better than the tasseled cap transforms, 
with the MSAVI2 index recording the highest level of agreement (90%) with the actual 
measurement of vegetative surface cover. The tasseled cap wetness index demonstrated 
the least correlation (36%) with field data. This finding suggests caution in using 
tasselled cap wetness as a measure of vegetative surface cover change, especially in 
regions where vegetative cover is increasing. The striking difference in the accuracy of 
tasseled cap wetness compared to the other measures needs more in-depth investigation 
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The next research question focused on determining if previous studies that relied 
upon manual conversion of raw Landsat digital numbers to surface reflectance values 
varied significantly from the recently published USGS surface reflectance data. This 
study found substantial agreement between the two methods. Band 5 demonstrated the 
closest agreement between the two methods with an adjusted R2 value of 0.9667 while 
the NIR band 4 showed the lowest agreement with an R2 value of 0.8602. Mean values 
for surface reflectance published by the USGS were higher than those derived using the 
simple DOS method. The primary finding of this study was the overall close agreement 
between the two methods which leads to the conclusion that revisiting previous surface 
reflectance studies using the USGS CDR data would not significantly alter the findings or 
conclusions of those studies.  
In the study of elevational effects, changes in the ecosystem of the Big Pine Creek 
watershed as measured by trends in observed surface reflectance values along a 2500 
meter elevation gradient at 75 sample sites were examined. The primary findings of this 
study are that in densely vegetated sites adjacent to a stable water supply, vegetation is 
increasing coincident with increasing temperatures. In moderately vegetated sites, no 
consistent trends are identified with only a few of the sites demonstrating any significant 
positive or negative trends. Elevation dependent trends are clearly identified in sparsely 
vegetated sites with vegetative increases occurring in the upper half of the watershed and 
declines taking place in the lower half of the watershed. This finding is consistent with 
previous theories of warming climate driving upslope species migration patterns. At the 
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upper reaches of the watershed, warmer temperatures are increasing the habitable zone 
for these sites while at the lower reaches, increased temperatures are driving an alteration 
of vegetative composition towards more drought tolerant species.  
The principal research question regarding the impact climate change has had on 
the Big Pine Creek watershed was addressed by examining thirty sites in detail including 
analyzing trends in three vegetation indices, the three tasseled cap transformations, and 
trends in surface composition as derived from spectral unmixing. The null hypotheses of 
no climate driven change can easily be dismissed based on all of the analysis 
demonstrating changes at nearly all the sample sites studied. Spectral unmixing is 
consistent with alternate hypothesis 2 suggesting climate change driven declines in 
vegetation. Spectral unmixing is used to validate the third hypothesis of climate driven 
composition change. At 63% of the sample sites we see both positive and negative trends 
in individual vegetative types consistent with composition change taking place, with eight 
sites demonstrating only vegetative declines and only three sites demonstrating only 
increasing trends. These findings support alternate hypothesis 3 suggesting composition 
change throughout the watershed. 
These studies show that climate driven changes to the vegetation of the Big Pine 
Creek watershed have been taking place over the last three decades. Since predictions are 
for continued increases in temperatures, the trends in vegetative quantity and composition 
can be expected to accelerate, altering the ecosystem in ways that threaten the functioning 
of the interdependent systems within the watershed. 
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2.0 Recommendations 
This research has also identified many new questions and areas of potential 
expansion. The following is a brief list of recommendations that could further extend and 
improve this research. 
1. Perform additional investigation into the accuracy of the tasseled cap wetness 
index in order to resolve the discrepancy between its predictions and the findings 
of this study. 
2. Since composition change was occurring at all the long-term field survey plots, 
additional plots with static composition need to be evaluated using a similar 
methodology. This will allow testing the theory that red-shift translations are a 
result of composition change. 
3. Similarly, since few of the long-term survey plots demonstrated vegetative 
declines, we should perform additional comparison studies at sites experiencing 
vegetative declines to determine the accuracy of red-shift compression and 
downward translation hypothesis. 
4. Examine additional study areas using the same methodology created for this 
research to obtain a broader picture of the impact climate change is having on a 
global scale. 
Some of the underlying reasons for these recommendations are discussed below 
in the following text. In the final study, the accuracy of vegetation indices and tasseled 
cap transformations were validated against real field survey data. The findings from that 
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validation analysis demonstrated good agreement overall between the vegetation indices 
and the tasseled cap brightness and greenness indices with actual survey data. However 
the tasseled cap wetness index demonstrated little correlation to actual field data. This 
discrepancy in the predictive value of the tasseled cap wetness index requires further 
investigation. 
The original hypothesis for red-shift translations included the theory that 
composition change causes variation in the NIR that drive the NIR response in the same 
direction as the visible response. However, since all the plots in this study experienced 
composition change, this theory could not be tested. Additional studies that examine 
long-term field survey plots both with and without composition change are needed to 
fully validate these hypotheses. 
The number of field survey plots used in the validation analysis provided 
sufficient data to reliably conclude that red-shift stretch (twenty five plots) is an accurate 
predictor of vegetative growth. The other red-shift theories, downward translation (fifteen 
plots), compression (three plots) and downward translation (seven plots) did not provide 
enough data points to attach sufficient significance in their results. Additional studies that 
use long-term field survey plots that demonstrate spectral response patterns of 
compression, and upward and downward translation are needed fully validate these 
hypotheses. 
The findings of changes in sparsely vegetated areas with increases occurring at 
higher elevations and declines taking place at lower elevations provides support for 
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existing theory on ecological response to a warming climate. The methodology created in 
this research provides a roadmap for additional studies of remote and inaccessible regions 
for the purpose of validating this and other hypothesis regarding climate change impacts 
on ecosystems. Additional studies will enhance our fundamental understanding of the 
impact environmental parameters have on physiological processes. This in turn will 
enable the ecological research community to determine those areas at greatest risk to 
further degradation, allowing for prioritization of limited resources needed to protect 
essential habitats.    
This research program demonstrates how recent climate change has impacted a 
sensitive alpine ecosystem and provides a roadmap for performing the determinations 
needed to find changes brought about by higher temperatures on the environment. 
Several critical gaps were addressed regarding the use of vegetation indices for climate 
driven vegetation studies. An analytical methodology was produced that provides 
multiple indices as well as spectral mixture analysis to accurately identify vegetative 
changes. The gap in understanding the meaning of vegetation indices when the red and 
NIR are trending in the same direction was addressed by development and testing of red-
shift translation hypothesis against surface vegetation plots that have accurate long-term 
surface cover and composition data. Also, the lack of studies validating the performance 
of three common vegetation indices and three tasseled cap transforms was addressed by 
comparing numerous long-term field survey sites with the prediction efficiency of those 
measures. 
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As final remarks, it is essential that we increase our understanding of the impact 
climate change has already had on the environment in order to be prepared to deal with 
the rapid onset of potentially severe consequences brought about by reduced ecosystem 
productivity. Declining resource availability coupled with the increasing natural resource 
demands of a growing population pose a threat to the quality of life and to the 
sustainability of the biosphere. If we are to mitigate the negative effects of climate 
change and adapt to shifting ecological resource constraints, we must first determine 
where those changes have already taken place and which areas will soon become 
vulnerable to changing environmental conditions.  
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5. to authorize others to make any use of the Chapter/Article. 
 
Users are granted the right to copy, use, distribute, transmit and display the Work 
publicly, and to create and distribute derivative works in any medium and for any 
responsible purpose, as long as the Author receives credit as author, and the 
Book/Journal in which the Chapter/Article has been published is cited as the source of 
first publication of the Work. 
 
2. PERMISSION TO USE  
  
The author assigns to IRED all rights: 
 
1. to publish the Work, in whole or in part, by various means such as hard copy or 
electronic copy formats, and in any and all forms of media, now or hereafter 
known; and 
2. to republish, distribute, promote, publicly perform, and publicly display the 
Work at any time and in all IRED Publishing Group projects. 
 
3. AUTHOR'S RESPONSIBILITIES 
  
IRED distributes its publications throughout the world and wants to ensure that the 
material submitted to its publications is properly available to the readership of those 
publications. Authors must ensure that their Chapter/Article meets the requirements, 
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including provisions covering originality, authorship, author responsibilities and author 
misconduct. Therefore: 
 
1. the Author(s) should only submit original work that has neither appeared 
elsewhere for publication, nor is under review for another refereed publication 
2. the Authors(s) should determine whether disclosure of their material, content and 
photographs requires the prior consent of other parties and, if so, should obtain 
it; and 
3. research carried out in collaboration with other scholars necessitates that all 
authors approve of submitting the Chapter/Article. 
 
Statements and opinions expressed in the Chapter/Article are those of the Author(s) and 
not those of the editors or IRED. No responsibility is accepted for the accuracy of 
information contained in the published Chapter/Article. IRED assumes no responsibility 
or liability for any damage or injury to persons or property arising out of the use of any 
materials, instructions, methods or ideas contained inside the Chapter/Article. 
 
4. GENERAL TERMS  
  
By accepting the Copyright Agreement the corresponding Author: 
 
1. warrants that he/she is the Author and has the power and authority to make and 
execute this assignment 
2. affirms that, for jointly authored Chapters/Articles, he/she is empowered to 
accept this form on behalf of all authors 
3. warrants that the Chapter/Article is original, has not previously been published 
and is not currently under consideration for publication by any other entity 
4. affirms that permission will be obtained for all previously published and/or 
copyrighted material contained in this manuscript (to the extent that the chapter 
incorporates text, passages, figures, data or other material from the work of 
others), it is the authors' collective responsibility to obtain all copyright 
permissions - they can be obtained during the publishing process and need to be 
collected before publication; and 
5. agrees to indemnify IRED against all losses, costs and expenses (including legal 
costs and expenses) arising from claims made by other parties due to the 
exceptional circumstance that the author has breached any terms, conditions 
and/or warranties concerning the authorship of the chapter (the whole or parts of 
it), the rights to publish the chapter or the infringement of any third party’s 
rights. 
 
If the Author has prepared the work as part of that his/her official duties as an employee 
or officer of a Government agency, public institution or company and has copyrights 
that belong to the Government agency, public institution, or company, IRED agrees to 
accept their terms and conditions if they are not in conflict with IRED's Copyright 
Policy. 
  
 
 
215 
 
 
A3  - IRED Conference Acceptance Rate Letter 
Acceptance Rate Letter 
 
Ref No: - IRED/14/ABBE/E105 
Dated: 18-February-2014 
 
Subject: Letter of Acceptance and Invitation 
 
 
Dear Author (Patrick Sawyer), 
 
We are pleased to inform you that after hard review process your paper entitled 
“Comparison of surface reflectance values from the USGS landsat 5 TM climate 
data record (CDR) with values generated using a simple dark object subtraction 
(DOS) method in an Alpine watershed” with paper ID “ABBE-14-111” has been 
accepted for Oral presentation and publication in Early Bird Round of “The 
International Conference on Advances in Bio-Informatics, Bio-Technology and 
Environmental Engineering - ABBE 2014” which is going to be held at London, UK on 01-
02 June, 2014. We invite you to present your full research paper in the conference, please 
bring PPT slides of your paper for presentation in the conference as there are data 
projectors at the venue. 
 
Benefits of Publication:- 
 Your paper will be included in the Conference Proceedings and will be published 
online with ISBN No and will be archived in SEEK Digital Library so that it will 
be universally accessed. Seek Digital Library is being accessed by thousands of 
Students, Researchers and Scientists over the globe. Seek Digital Library is an 
Open access library. You may visit the Library at www.seekdl.org. 
 Each paper will be assigned Digital Object Identifier (DOI) from CROSSREF. 
 Registered Papers will be published in various Issues of International Journals 
with ISSN Numbers. 
 You will get the chance to attend the conference and to meet the researchers 
from the globe. 
 
We have received more than 72 research articles for review in Early Bird Round from 
more than 17 countries and only 25 articles has been accepted for publication and oral 
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presentation with acceptance ratio of 34.72%. The Review Process has gone through 
Peer Review Process. The Editorial Committee focused on quality research articles to 
maintain the credibility of the conference. 
 
If your research paper wins the „best paper award‟, it will be appreciated at the closing 
ceremony. With certificate in this respect for more details, please visit our website 
http://abbe.theired.org/. Please send us attached completed registration form along 
with payment Proof on or before 12 March, 2014 to confirm your participation. We do 
not provide any assistance relating to Visa and accommodation other than this 
acceptance letter for London conference. We look forward to seeing you at the conference. 
 
 
 
With Best Regards, 
 
 
 
Elena Alikchkina Conference Co-ordinator IRED 
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A4  - SciencePG Copyright agreement 
Copyright 
The authors' publications in SciencePG are distributed under Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). The license 
was developed to facilitate open access, namely, free immediate access to and 
unrestricted reuse of original works of all types. 
 
Under this license, authors retain ownership of the copyright for their publications, but 
grant SciencePG a non-exclusive license to publish the work in paper form and allow 
anyone to reuse, distribute and reproduce the content as long as the original work is 
properly cited. 
 
Appropriate attribution can be provided by simply citing the original work. No permission 
is required from the authors or the publishers. For any reuse or distribution of a work, 
users must also make clear the license terms under which the work was published. 
The standard license will be applied to the authors' publications, which ensures the 
publications freely and openly available in perpetuity. 
 
Creative Commons Legal Code 
 
Attribution 4.0 International 
 
 
 
Creative Commons Corporation (“Creative Commons”) is not a law firm and does not 
provide legal services or legal advice. Distribution of Creative Commons public licenses 
does not create a lawyer- client or other relationship. Creative Commons makes its 
licenses and related information available on an “as-is” basis. Creative Commons gives 
no warranties regarding its licenses, any material licensed under their terms and 
conditions, or any related information. Creative Commons disclaims all liability for 
damages resulting from their use to the fullest extent possible. 
 
Using Creative Commons Public Licenses 
 
Creative Commons public licenses provide a standard set of terms and conditions that 
creators and other rights holders may use to share original works of authorship and other 
material subject to copyright and certain other rights specified in the public license below. 
The following considerations are for informational purposes only, are not exhaustive, and 
do not form part of our licenses. 
 
Considerations for licensors: Our public licenses are intended for use by those authorized 
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to give the public permission to use material in ways otherwise restricted by copyright 
and certain other rights. Our licenses are irrevocable. Licensors should read and 
understand the terms and conditions of the license they choose before applying it. 
Licensors should also secure all rights necessary before applying our licenses so that the 
public can reuse the material as expected. 
Licensors should clearly mark any material not subject to the license. This includes other 
CC- licensed material, or material used under an exception or limitation to copyright. 
More considerations for licensors. 
 
Considerations for the public: By using one of our public licenses, a licensor grants the 
public permission to use the licensed material under specified terms and conditions. If the 
licensor’s permission is not necessary for any reason–for example, because of any 
applicable exception or limitation to copyright–then that use is not regulated by the 
license. Our licenses grant only permissions under copyright and certain other rights that 
a licensor has authority to grant. Use of the licensed material may still be restricted for 
other reasons, including because others have copyright or other rights in the material. A 
licensor may make special requests, such as asking that all changes be marked or 
described. Although not required by our licenses, you are encouraged to respect those 
requests where reasonable. More considerations for the public. 
 
Creative Commons Attribution 4.0 International Public License 
By exercising the Licensed Rights (defined below), You accept and agree to be bound by 
the terms and conditions of this Creative Commons Attribution 4.0 International Public 
License ("Public License"). To the extent this Public License may be interpreted as a 
contract, You are granted the Licensed Rights in consideration of Your acceptance of 
these terms and conditions, and the Licensor grants You such rights in consideration of 
benefits the Licensor receives from making the Licensed Material available under these 
terms and conditions. 
 
Section 1 – Definitions. 
a. Adapted Material means material subject to Copyright and Similar Rights that is 
derived from or based upon the Licensed Material and in which the Licensed 
Material is translated, altered, arranged, transformed, or otherwise modified in a 
manner requiring permission under the Copyright and Similar Rights held by the 
Licensor. For purposes of this Public License, where the Licensed Material is a 
musical work, performance, or sound recording, Adapted Material is always 
produced where the Licensed Material is synched in timed relation with a moving 
image. 
b. Adapter's License means the license You apply to Your Copyright and Similar 
Rights in Your contributions to Adapted Material in accordance with the terms 
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and conditions of this Public License. 
c. Copyright and Similar Rights means copyright and/or similar rights closely 
related to copyright including, without limitation, performance, broadcast, sound 
recording, and Sui Generis Database Rights, without regard to how the rights are 
labeled or categorized. For purposes of this Public License, the rights specified in 
Section 2(b)(1)-(2) are not Copyright and Similar Rights. 
d. Effective Technological Measures means those measures that, in the absence of 
proper authority, may not be circumvented under laws fulfilling obligations under 
Article 11 of the WIPO Copyright Treaty adopted on December 20, 1996, and/or 
similar international agreements. 
e. Exceptions and Limitations means fair use, fair dealing, and/or any other 
exception or limitation to Copyright and Similar Rights that applies to Your use of 
the Licensed Material. 
f. Licensed Material means the artistic or literary work, database, or other material 
to which the Licensor applied this Public License. 
g. Licensed Rights means the rights granted to You subject to the terms and 
conditions of this Public License, which are limited to all Copyright and Similar 
Rights that apply to Your use of the Licensed Material and that the Licensor has 
authority to license. 
h. Licensor means the individual(s) or entity(ies) granting rights under this Public 
License. 
i. Share means to provide material to the public by any means or process that 
requires permission under the Licensed Rights, such as reproduction, public 
display, public performance, distribution, dissemination, communication, or 
importation, and to make material available to the public including in ways that 
members of the public may access the material from a place and at a time 
individually chosen by them. 
j. Sui Generis Database Rights means rights other than copyright resulting from 
Directive 96/9/EC of the European Parliament and of the Council of 11 March 
1996 on the legal protection of databases, as amended and/or succeeded, as well as 
other essentially equivalent rights anywhere in the world. 
k. You means the individual or entity exercising the Licensed Rights under this 
Public License. Your has a corresponding meaning. 
 
Section 2 – Scope. 
 
a. License grant 
1. Subject to the terms and conditions of this Public License, the Licensor hereby 
grants You a worldwide, royalty-free, non-sublicensable, non-exclusive, 
irrevocable license to exercise the Licensed Rights in the Licensed Material to: 
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A. reproduce and Share the Licensed Material, in whole or in part; and 
B. produce, reproduce, and Share Adapted Material. 
2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and 
Limitations apply to Your use, this Public License does not apply, and You do not 
need to comply with its terms and conditions. 
3. Term. The term of this Public License is specified in Section 6(a). 
4. Media and formats; technical modifications allowed. The Licensor authorizes You 
to exercise the Licensed Rights in all media and formats whether now known or 
hereafter created, and to make technical modifications necessary to do so. The 
Licensor waives and/or agrees not to assert any right or authority to forbid You 
from making technical modifications necessary to exercise the Licensed Rights, 
including technical modifications necessary to circumvent Effective Technological 
Measures. For purposes of this Public License, simply making modifications 
authorized by this Section 2(a)(4) never produces Adapted Material. 
5. Downstream recipients. 
A. Offer from the Licensor – Licensed Material. Every recipient of the 
Licensed Material automatically receives an offer from the Licensor to 
exercise the Licensed Rights under the terms and conditions of this Public 
License. 
B. No downstream restrictions. You may not offer or impose any additional or 
different terms or conditions on, or apply any Effective Technological 
Measures to, the Licensed Material if doing so restricts exercise of the 
Licensed Rights by any recipient of the Licensed Material. 
6. No endorsement. Nothing in this Public License constitutes or may be construed as 
permission to assert or imply that You are, or that Your use of the Licensed 
Material is, connected with, or sponsored, endorsed, or granted official status by, 
the Licensor or others designated to receive attribution as provided in Section 
3(a)(1)(A)(i). 
 
b. Other rights. 
 
1. Moral rights, such as the right of integrity, are not licensed under this 
Public License, nor are publicity, privacy, and/or other similar personality 
rights; however, to the extent possible, the Licensor waives and/or agrees 
not to assert any such rights held by the Licensor to the limited extent 
necessary to allow You to exercise the Licensed Rights, but not otherwise. 
2. Patent and trademark rights are not licensed under this Public License. 
3. To the extent possible, the Licensor waives any right to collect royalties 
from You for the exercise of the Licensed Rights, whether directly or 
through a collecting society under any voluntary or waivable statutory or 
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compulsory licensing scheme. In all other cases the Licensor expressly 
reserves any right to collect such royalties. 
 
Section 3 – License Conditions. 
 
Your exercise of the Licensed Rights is expressly made subject to the following 
conditions. 
 
a. Attribution. 
 
1. If You Share the Licensed Material (including in modified form), You must: 
 
A. Retain the following if it is supplied by the Licensor with the 
Licensed Material: 
i. identification of the creator(s) of the Licensed Material and 
any others designated to receive attribution, in any 
reasonable manner requested by the Licensor (including by 
pseudonym if designated); 
ii. a copyright notice; 
iii. a notice that refers to this Public License; 
iv. a notice that refers to the disclaimer of warranties; 
v. a URI or hyperlink to the Licensed Material to the extent 
reasonably practicable; 
B. indicate if You modified the Licensed Material and retain an 
indication of any previous modifications; and 
C. indicate the Licensed Material is licensed under this Public License, 
and include the text of, or the URI or hyperlink to, this Public 
License. 
2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based 
on the medium, means, and context in which You Share the Licensed Material. 
For example, it may be reasonable to satisfy the conditions by providing a URI or 
hyperlink to a resource that includes the required information. 
3. If requested by the Licensor, You must remove any of the information required by 
Section 3 (a)(1)(A) to the extent reasonably practicable. 
4. If You Share Adapted Material You produce, the Adapter's License You apply 
must not prevent recipients of the Adapted Material from complying with this 
Public License. 
 
Section 4 – Sui Generis Database Rights. 
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Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of 
the Licensed Material: 
 
a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, 
reproduce, and Share all or a substantial portion of the contents of the database; 
b. if You include all or a substantial portion of the database contents in a database in 
which You have Sui Generis Database Rights, then the database in which You 
have Sui Generis Database Rights (but not its individual contents) is Adapted 
Material; and 
c. You must comply with the conditions in Section 3(a) if You Share all or a 
substantial portion of the contents of the database. 
 
For the avoidance of doubt, this Section 4 supplements and does not replace Your 
obligations under this Public License where the Licensed Rights include other 
Copyright and Similar Rights. 
 
Section 5 – Disclaimer of Warranties and Limitation of Liability. 
 
a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the 
Licensor offers the Licensed Material as-is and as-available, and makes no 
representations or warranties of any kind concerning the Licensed Material, 
whether express, implied, statutory, or other. This includes, without limitation, 
warranties of title, merchantability, fitness for a particular purpose, non-
infringement, absence of latent or other defects, accuracy, or the presence or 
absence of errors, whether or not known or discoverable. Where disclaimers of 
warranties are not allowed in full or in part, this disclaimer may not apply to You. 
b. To the extent possible, in no event will the Licensor be liable to You on any legal 
theory (including, without limitation, negligence) or otherwise for any direct, 
special, indirect, incidental, consequential, punitive, exemplary, or other losses, 
costs, expenses, or damages arising out of this Public License or use of the 
Licensed Material, even if the Licensor has been advised of the possibility of such 
losses, costs, expenses, or damages. Where a limitation of liability is not allowed 
in full or in part, this limitation may not apply to You. 
c.  The disclaimer of warranties and limitation of liability provided above shall be 
interpreted in a manner that, to the extent possible, most closely approximates an 
absolute disclaimer and waiver of all liability. 
 
Section 6 – Term and Termination. 
 
a. This Public License applies for the term of the Copyright and Similar Rights 
licensed here. However, if You fail to comply with this Public License, then Your 
rights under this Public License terminate automatically. 
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b. Where Your right to use the Licensed Material has terminated under Section 6(a), 
it reinstates: 
1. automatically as of the date the violation is cured, provided it is cured within 30 
days of Your discovery of the violation; or 
2. upon express reinstatement by the Licensor. 
 
For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may 
have to seek remedies for Your violations of this Public License. 
c. For the avoidance of doubt, the Licensor may also offer the Licensed Material 
under separate terms or conditions or stop distributing the Licensed Material at 
any time; however, doing so will not terminate this Public License. 
d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License. 
 
Section 7 – Other Terms and Conditions. 
 
a. The Licensor shall not be bound by any additional or different terms or conditions 
communicated by You unless expressly agreed. 
b. Any arrangements, understandings, or agreements regarding the Licensed Material 
not stated herein are separate from and independent of the terms and conditions of 
this Public License. 
 
Section 8 – Interpretation. 
 
a. For the avoidance of doubt, this Public License does not, and shall not be 
interpreted to, reduce, limit, restrict, or impose conditions on any use of the 
Licensed Material that could lawfully be made without permission under this 
Public License. 
b. To the extent possible, if any provision of this Public License is deemed 
unenforceable, it shall be automatically reformed to the minimum extent 
necessary to make it enforceable. If the provision cannot be reformed, it shall be 
severed from this Public License without affecting the enforceability of the 
remaining terms and conditions. 
c. No term or condition of this Public License will be waived and no failure to 
comply consented to unless expressly agreed to by the Licensor. 
d. Nothing in this Public License constitutes or may be interpreted as a limitation 
upon, or waiver of, any privileges and immunities that apply to the Licensor or 
You, including from the legal processes of any jurisdiction or authority. 
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Creative Commons is not a party to its public licenses. Notwithstanding, Creative 
Commons may elect to apply one of its public licenses to material it publishes and in 
those instances will be considered the “Licensor.” The text of the Creative Commons 
public licenses is dedicated to the public domain under the CC0 Public Domain 
Dedication. Except for the limited purpose of indicating that material is shared under a 
Creative Commons public license or as otherwise permitted by the Creative Commons 
policies published at creativecommons.org/policies, Creative Commons does not 
authorize the use of the trademark “Creative Commons” or any other trademark or logo 
of Creative Commons without its prior written consent including, without limitation, in 
connection with any unauthorized modifications to any of its public licenses or any other 
arrangements, understandings, or agreements concerning use of licensed material. For the 
avoidance of doubt, this paragraph does not form part of the public licenses. 
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